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(57) ABSTRACT

An organic light-emitting device comprising: a first elec-
trode; a second electrode facing the first electrode; and an
organic layer disposed between the first electrode and the
second electrode, wherein the organic layer comprises an
emission layer, the emission layer comprises a first host and
a dopant, the dopant is an organometallic compound includ-
ing platinum, the organic light-emitting device satisfies a
condition of: HOMO(D)-HOMO(Host 1)=0.2 electron
volts, HOMO(D) is a highest occupied molecular orbital
(HOMO) energy level of the dopant in electron volts,
HOMO(Host 1) is a HOMO) energy level of the first host in
electron volts, and HOMO(D) and HOMO(Host 1) are each
measured using a photoelectron spectrometer in an ambient
atmosphere.
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ORGANIC LIGHT-EMITTING DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of
Korean Patent Application No. 10-2020-0015834, filed on
Feb. 10, 2020, in the Korean Intellectual Property Office,
and all the benefits accruing therefrom under 35 U.S.C.
§ 119, the content of which is incorporated herein in its
entirety by reference.

BACKGROUND
1. Field

Disclosed is an organic light-emitting device.

2. Description of Related Art

Organic light-emitting devices (OLEDs) are self-emission
devices, which have improved characteristics in terms of
viewing angles, response times, brightness, driving voltage,
and response speed, and produce full-color images.

In an example, an organic light-emitting device includes
an anode, a cathode, and an organic layer disposed between
the anode and the cathode, wherein the organic layer
includes an emission layer. A hole transport region may be
disposed between the anode and the emission layer, and an
electron transport region may be disposed between the
emission layer and the cathode. Holes provided from the
anode may move toward the emission layer through the hole
transport region, and electrons provided from the cathode
may move toward the emission layer through the electron
transport region. The holes and the electrons recombine in
the emission layer to produce excitons. These excitons
transit from an excited state to a ground state, thereby
generating light.

SUMMARY

Provided is an organic light-emitting device (OLED) that
includes an organometallic compound satisfying a predeter-
mined parameter, including platinum, and having a long
lifespan.

Additional aspects will be set forth in part in the descrip-
tion which follows and, in part, will be apparent from the
description, or may be learned by practice of the presented
exemplary embodiments of the disclosure.

According to an aspect, provided is an organic light-
emitting device including a first electrode, a second elec-
trode facing the first electrode, and an organic layer disposed
between the first electrode and the second electrode,

wherein the organic layer includes an emission layer,

the emission layer includes a first host and a dopant,
the dopant is an organometallic compound including
platinum (Pt),

the organic light-emitting device satisfies a condition of
HOMO(D)-HOMO(Host 1)=0.2 electron volts (eV),

HOMO(D) is a highest occupied molecular orbital
(HOMO) energy level of the dopant in eV,

HOMO(Host 1) is a HOMO energy level of the first host
in eV, and

HOMO(D) and HOMO(Host 1) are each measured using
a photoelectron spectrometer in an ambient atmosphere.
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According to another aspect, provided is an organic
light-emitting device, wherein the emission layer further
includes a second host,

the first host is a hole transport host, and

the second host is an electron transport host including an
electron transport moiety.

According to another aspect, provided is an organic
light-emitting device including a first electrode,

a second electrode facing the first electrode,

m emission units stacked between the first electrode and
the second electrode and including at least one emission
layer, and

m-1 charge generating layers disposed between two
adjacent emission units, wherein the emission units are the
m emission units, wherein each of the charge generating
layers includes a n-type charge generating layer and a p-type
charge generating layer,

wherein m is an integer of 2 or more,

a maximum emission wavelength of light emitted from at
least one first emission unit among the m emission units is
different from a maximum emission wavelength of light
emitted from at least one second emission unit among the
other emission units,

the emission layer includes a first host and a dopant,

the dopant is an organometallic compound including
platinum (Pt),

the organic light-emitting device satisfies a condition of
HOMO(D)-HOMO(Host 1)=0.2 eV,

HOMO(D) is a HOMO energy level of the dopant in eV,

HOMO(Host 1) is a HOMO energy level of the first host
in eV, and

HOMO(D) and HOMO(Host 1) are each measured using
a photoelectron spectrometer in an ambient atmosphere.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features, and advantages of
certain embodiments of the disclosure will be more apparent
from the following description taken in conjunction with the
accompanying drawings, in which:

FIG. 1 is a schematic cross-sectional view of an organic
light-emitting device according to one or more embodi-
ments;

FIG. 2 is a schematic cross-sectional view of an organic
light-emitting device according to one or more embodi-
ments;

FIG. 3 is a graph of current density (milliamps per square
centimeter, mA/cm?) versus voltage (Volts, V) that shows a
current density-voltage (J-V) curve of HOD devices manu-
factured according to Comparative Preparation Example 1
and Preparation Example 1;

FIG. 4 is a graph of current density (mA/cm?) versus
voltage (V) that shows a current density-voltage (J-V) curve
of EOD devices manufactured according to Comparative
Preparation Example 2 and Preparation Example 2;

FIG. 5 is a graph of current density (mA/cm?) versus
voltage (V) that shows a current density-voltage (J-V) curve
of organic light-emitting devices manufactured according to
Comparative Examples 1 and 2 and Example 1;

FIG. 6 is a graph of external quantum efficiency (EQE, %)
versus current density (mA/cm?®) and shows an external
quantum efficiency-current density graph of organic light-
emitting devices manufactured according to Comparative
Example 1 and Example 1;
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FIG. 7 is a graph of luminance (%) versus time (hours, H)
and shows a lifespan graph of organic light-emitting devices
manufactured according to Comparative Example 1 and
Example 1;

FIG. 8 is a graph of capacitance (Faradays, F) versus
voltage (V) and shows a capacitance-voltage graph, mea-
sured with a 100 Hertz (Hz) of alternating current (A/C), of
organic light-emitting devices manufactured according to
Comparative Example 1 and Example 1;

FIG. 9 is a graph of external quantum efficiency (EQE, %)
versus luminance (candela per square meter, cd/m”) and
shows an EQE-luminance graph of organic light-emitting
devices manufactured according to Comparative Example 2
and Example 1; and

FIG. 10 is a graph of luminance (%) versus time (H) and
shows a lifespan graph of organic light-emitting devices
manufactured according to Comparative Example 2 and
Example 1.

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments,
examples of which are illustrated in the accompanying
drawings, wherein like reference numerals refer to like
elements throughout. In this regard, the present embodi-
ments may have different forms and should not be construed
as being limited to the descriptions set forth herein. Accord-
ingly, the embodiments are merely described below, by
referring to the figures, to explain aspects. As used herein,
the term “and/or” includes any and all combinations of one
or more of the associated listed items. Expressions such as
“at least one of,” when preceding a list of elements, modify
the entire list of elements and do not modify the individual
elements of the list.

The terminology used herein is for the purpose of describ-
ing one or more exemplary embodiments only and is not
intended to be limiting. As used herein, the singular forms
“a,” “an,” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. The
term “or” means “and/or.” It will be further understood that
the terms “comprises” and/or “comprising,” or “includes”
and/or “including” when used in this specification, specify
the presence of stated features, regions, integers, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
regions, integers, steps, operations, elements, components,
and/or groups thereof.

It will be understood that, although the terms first, second,
third etc. may be used herein to describe various elements,
components, regions, layers, and/or sections, these elements,
components, regions, layers, and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer, or section from
another element, component, region, layer, or section. Thus,
a first element, component, region, layer, or section dis-
cussed below could be termed a second element, component,
region, layer, or section without departing from the teach-
ings of the present embodiments.

Exemplary embodiments are described herein with refer-
ence to cross section illustrations that are schematic illus-
trations of idealized embodiments. As such, variations from
the shapes of the illustrations as a result, for example, of
manufacturing techniques and/or tolerances, are to be
expected. Thus, embodiments described herein should not
be construed as limited to the particular shapes of regions as
illustrated herein but are to include deviations in shapes that
result, for example, from manufacturing. For example, a
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region illustrated or described as flat may, typically, have
rough and/or nonlinear features. Moreover, sharp angles that
are illustrated may be rounded. Thus, the regions illustrated
in the figures are schematic in nature and their shapes are not
intended to illustrate the precise shape of a region and are
not intended to limit the scope of the present claims.

It will be understood that when an element is referred to
as being “on” another element, it can be directly in contact
with the other element or intervening elements may be
present therebetween. In contrast, when an element is
referred to as being “directly on” another element, there are
no intervening elements present.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this general inventive concept belongs. It will be
further understood that terms, such as those defined in
commonly used dictionaries, should be interpreted as having
a meaning that is consistent with their meaning in the
context of the relevant art and the present disclosure, and
will not be interpreted in an idealized or overly formal sense
unless expressly so defined herein.

“About” or “approximately” as used herein is inclusive of
the stated value and means within an acceptable range of
deviation for the particular value as determined by one of
ordinary skill in the art, considering the measurement in
question and the error associated with measurement of the
particular quantity (i.e., the limitations of the measurement
system). For example, “about” can mean within one or more
standard deviations, or within 30%, 20%, 10%, 5% of the
stated value.

Description of FIG. 1

The organic light-emitting device 10 of FIG. 1 includes a
first electrode 11, a second electrode 19 facing the first
electrode 11, and an organic layer 10A disposed between the
first electrode 11 and the second electrode 19.

The organic layer 10A includes an emission layer 15, a
hole transport region 13 is located between the first electrode
11 and the emission layer 15, and an electron transport
region 17 is disposed between the emission layer 15 and the
second electrodes 19.

A substrate may be additionally disposed under the first
electrode 11 or above the second electrode 19. As used
herein, “under the first electrode 11” means the substrate is
disposed on a side of the first electrode 11 that is opposite of
the second electrode 19. As used herein, “above the second
electrode 19” means the substrate is disposed on a side of the
second electrode 19 that is opposite of the first electrode 11.
The substrate may be a glass substrate or a plastic substrate,
each having excellent mechanical strength, thermal stability,
transparency, surface smoothness, ease of handling, and
water resistance.

First Electrode 11

The first electrode 11 may be formed by depositing or
sputtering a material for forming the first electrode 11 on the
substrate. When the first electrode 11 is an anode, the
material for forming the first electrode 11 may be selected
from materials with a high work function to facilitate hole
injection.

The first electrode 11 may be a reflective electrode, a
semi-transmissive electrode, or a transmissive electrode.
When the first electrode 11 is a transmissive electrode, a
material for forming a first electrode may be selected from
indium tin oxide (ITO), indium zinc oxide (IZO), tin oxide
(Sn0,), zinc oxide (ZnO), and any combination thereof, but
embodiments of the present disclosure are not limited
thereto. In one or more embodiments, when the first elec-
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trode 110 is a semi-transmissive electrode or a reflective
electrode, a material for forming a first electrode may be
selected from magnesium (Mg), silver (Ag), aluminum (Al),
aluminum-lithium (Al—Li), calcium (Ca), magnesium-in-
dium (Mg—In), magnesium-silver (Mg—Ag), and any
combination thereof, but embodiments of the present dis-
closure are not limited thereto.

The first electrode 11 may have a single-layered structure
or a multi-layered structure including two or more layers.
Energy Level of Material in Emission Layer 15

The emission layer 15 includes a first host and a dopant.

The dopant may be an organometallic compound includ-
ing platinum (Pt).

The organic light-emitting device 10 satisfies HOMO(D)-
HOMO(Host 1)=0.2 electron volts (eV). For example, the
emission layer 15 may satisfy HOMO(D)-HOMO(Host
1)=0.2 eV.

Here, HOMO(D) is a highest occupied molecular orbital
(HOMO) energy level (eV) of a dopant in the emission layer
15, and HOMO(Host 1) is a HOMO energy level (eV) of a
first host in the emission layer 15.

HOMO(D) and HOMO(Host 1) may be measured using
an photoelectron spectrometer, for example a photoelectron
spectrometer AC-3 (manufactured by RIKEN KEIKI Co.,
Ltd.), in an ambient atmosphere, wherein the energy levels
(eV) have negative values.

The organic light-emitting device 10 satisfies HOMO
(Host 1)=-5.65 eV. In detail, HOMO(Host 1) may be about
-5.65 eV to about -5.8 eV, for example, about -5.65 eV to
about -5.75 eV, but embodiments of the present disclosure
are not limited thereto.

Since the organic light-emitting device 10 satisfies
HOMO(Host 1)=-5.65 eV, a hole injection voltage to the
emission layer may decrease, and hole carrier accumulation
may occur at an interface of the emission layer on the first
electrode side. Furthermore, since the organic light-emitting
device 10 satisfies HOMO(D)-HOMO(Host1)=0.2 eV, as a
trap depth increases, a dopant included in the emission layer
15 may act as a trap site with respect to a hole injected to the
emission layer 15. Since a hole trap easily may occur in the
emission layer 15, hole mobility in the emission layer 15
may be decreased.

Without being limited to or bound by any specific theory,
when mobility of holes and electrons in an emission layer is
high, in the same current driving mode, the change in charge
injection may be significant such that charge balance may
not be efficiently achieved, resulting in a significant reduc-
tion in luminance when driving the organic light-emitting
device. In contrast, the organic light-emitting device accord-
ing to an embodiment may decrease hole mobility, thereby
efficiently achieving charge balance in the emission layer,
resulting in improvement of lifespan.

In an embodiment, the organic light-emitting device 10
may satisty HOMO(D)-HOMO(Host 1)=0.22 eV.

In an embodiment, the emission layer 15 may further
include a second host, wherein the first host is a hole
transport host, and the second host is an electron transport
host including an electron transport moiety.

Here, the organic light-emitting device 10 may satisfy
HOMO(Host 1)-HOMO(Host 2)=0.

Here, HOMO(Host 2) is a HOMO energy level (eV) of the
second host, and HOMO(Host 2) is measured using a
photoelectron spectrometer, e.g. a photoelectron spectrom-
eter AC-3 (manufactured by RIKEN KEIKI Co., Ltd.), in an
ambient atmosphere.

In an embodiment, the first electrode 11 is an anode, a
second electrode 19 is a cathode, the organic layer 10A may
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further include a hole transport region 13 disposed between
the first electrode 11 and the emission layer 15, and an
electron transport region 17 may be disposed between the
emission layer 15 and the second electrode 19, the hole
transport region 13 may include a hole injection layer, a hole
transport layer, an emission auxiliary layer, an electron
blocking layer, or any combination thereof, and the electron
transport region 17 may include a hole blocking layer, an
electron transport layer, an electron injection layer, or any
combination thereof.

In one embodiment, the hole transport region 13 of the
organic light-emitting device 10 may include a first hole
transport material, and the organic light-emitting device 10
may satisfy TI(HT1)=T1(D).

Here, T1(HT1) is a triplet energy level (eV) of the first
hole transport material, and T1(D) is a triplet energy level
(eV) of the dopant. TI(HT1) and T1(D) may be each
measured using a density functional theory (DFT) method of
a Gaussian program structurally optimized at a B3LYP level
and a 6-31G(d,p) level.

In one or more embodiments, the hole transport region 13
of the organic light-emitting device 10 may include a hole
transport layer or an interlayer, the hole transport layer or the
interlayer may include a first hole transport material, and the
organic light-emitting device 10 may satisfy T1(HT1)=T1
(D). In one or more embodiments, the hole transport layer or
the interlayer may be in contact, for example in direct
contact, with the emission layer 15.

Without being bound by theory, since the organic light-
emitting device 10 according to an embodiment satisfies
T1(HT1)=T1(D), excitons may be efficiently confined in the
emission layer 15 (exciton confinement). Accordingly, there
may be substantially no exciton quenching problem that may
occur when recombination is maldistributed at near interface
between the hole transport region 13 and the emission layer
15 due to a hole trap.

Dopant in Emission Layer 15

A dopant in the emission layer 15 may be a phosphores-
cent compound. The dopant may be an organometallic
compound including platinum (Pt).

In an embodiment, the dopant may be an organometallic
compound including platinum and an organic ligand, and the
platinum and the organic ligand may form one cyclometa-
lated ring, two cyclometalated rings, or three cyclometalated
rings.

In one or more embodiments, the dopant may be an
organometallic compound including platinum and an
organic ligand, and the organic ligand may be a tetradentate
ligand coordinated to the platinum, wherein the platinum
and the organic ligand form three or four cyclometalated
rings.

In one or more embodiments, the organic ligand may be
a tetradentate ligand coordinated to the platinum, wherein
the platinum and the organic ligand form three or four
cyclometalated rings, and the tetradentate organic ligand
may include at least one of benzimidazole, benzoxazole, or
benzothiazole.

In one or more embodiments, the dopant may include
platinum and at least one ligand from among ligands rep-
resented by Formulae 1-1 to 1-4:

1-1
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In Formulae 1-1 to 1-4,

A, to A, may each independently be a substituted or
unsubstituted Cs-C;, carbocyclic group, a substituted or
unsubstituted C,-C,, heterocyclic group, or a non-cyclic
group,

Y,; to Y,, may each independently be a chemical bond,
0, 8, NRy,), BR)), PRy,), or CR)(R,,),

T, to T, may each independently be a single bond, a
double bond, *—N([Rg;)—%* *—BRg)—*, *—P
(Roz)—*, F—CRo3)(Rog)—*, *—Si(Ry;)
(Rog)—", *—Ge(Roz)(Rop)—", *—S—*, *—Se—*, *
707*" *7C(:O)7*', *78(:0)7*', *78
(0", *—C(Roz)—™"", *—CRo3)—", *—C(Ry3)—C
Rg )—*', *—C(=S)—*", or *—C=C—*,

a substituent of the substituted C,-C;, carbocyclic group,
a substituent of the substituted C,-C;,, heterocyclic group,
and Ry, to R, may each independently be hydrogen, deu-
terium, —F, —Cl, —Br, —I, —SF, a hydroxyl group, a
cyano group, a nitro group, an amidino group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a phosphoric
acid group or a salt thereof, a substituted or unsubstituted
C,-Cq, alkyl group, a substituted or unsubstituted C,-Cg,
alkenyl group, a substituted or unsubstituted C,-Cg, alkynyl
group, a substituted or unsubstituted C,-C, alkoxy group, a
substituted or unsubstituted C,-C, , cycloalkyl group, a sub-
stituted or unsubstituted C,-C,,, heterocycloalkyl group, a
substituted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C,, heterocycloalkenyl
group, a substituted or unsubstituted C,-Cg, aryl group, a
substituted or unsubstituted C4-Cg,, aryloxy group, a substi-
tuted or unsubstituted C4-Cg, arylthio group, a substituted or
unsubstituted C,-C, arylalkyl group, a substituted or unsub-
stituted C,-Cg,, heteroaryl group, a substituted or unsubsti-
tuted C,-C, heteroaryloxy group, a substituted or unsub-
stituted C,-Cg, heteroarylthio group, a substituted or
unsubstituted C,-C, heteroarylalkyl group, a substituted or
unsubstituted monovalent non-aromatic condensed polycy-
clic group, a substituted or unsubstituted monovalent non-
aromatic condensed heteropolycyclic group, —N(Q,)(Q,),
—Si(Q3)(Q4)(Qs). —B(Qe)(Q7). or —P(—0)Q5)(Qs).

Q, to Q, may each independently be hydrogen, deuterium,
—F, —Cl, —Br, —I, a hydroxyl group, a cyano group, a
nitro group, an amidino group, a hydrazine group, a hydra-
zone group, a carboxylic acid group or a salt thereof, a
sulfonic acid group or a salt thereof, a phosphoric acid group
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or a salt thereof, a C,-Cq, alkyl group, a C,-C, alkyl group
substituted with at least one of deuterium, a C,-Cg, alkyl
group, and a C,-Cg, aryl group, a C,-C4, alkenyl group, a
C,-Cq, alkynyl group, a C,-Cg, alkoxy group, a C;-C,,
cycloalkyl group, a C,-C, ; heterocycloalkyl group, a C,-C,
cycloalkenyl group, a C,-C,, heterocycloalkenyl group, a
Cs-Cq, aryl group, a C4-Cy, aryl group substituted with at
least one of deuterium, a C,;-Cg, alkyl group, and a C4-Cg,
aryl group, a C4-Cg, aryloxy group, a C4-Cg, arylthio group,
a substituted or unsubstituted C,-Cg, arylalkyl group, a
C,-Cq, heteroaryl group, a substituted or unsubstituted
C,-Cg, heteroaryloxy group, a substituted or unsubstituted
C,-Cg, heteroarylthio group, a substituted or unsubstituted
C,-Cg, heteroarylalkyl group, a monovalent non-aromatic
condensed polycyclic group, or a monovalent non-aromatic
condensed heteropolycyclic group, and

xl %2 %3 and ** each indicate a binding site to the
platinum.

For example, the dopant may include the ligand repre-
sented by Formula 1-3, any one of A, to A, in Formula 1-3
may be a substituted or unsubstituted benzimidazole group,
a substituted or unsubstituted benzoxazole group, or a sub-
stituted or unsubstituted benzothiazole group, and any one
of others of A| to A, in Formula 1-3 may be a substituted or
unsubstituted pyridine group, but embodiments of the pres-
ent disclosure are not limited thereto.

For example, the dopant may include the ligand repre-
sented by Formula 1-3, any two of A to A, in Formula 1-3
may each be independently a substituted or unsubstituted a
benzimidazole group and a substituted or unsubstituted
pyridine group, but embodiments of the present disclosure
are not limited thereto.

In one or more embodiments, the dopant may be an
organometallic compound represented by Formula 1A:

Formula 1A

[Rp)ez— L2)s2la2

[(Rl)cl_(Ll)bl]al/I [(La)pa— (Ra)ealas

In Formula 1A,

M may be platinum (Pt),

X, may be O or S,

a bond between X, and M may be a covalent bond,

X, and X; may each independently be C or N,

X, may be N,

one of a bond between X, and M, a bond between X and
M, and a bond between X, and M may be a covalent
bond, the other two bonds may be coordination bonds,

Y, to Y5 may each independently be C or N,

a bond between Y, and Y,, a bond between X, and Y3, a
bond between X, and Y, a bond between Y, and Yy,
a bond between Y and X5, and a bond between X1
and Y, may be chemical bonds,
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CY, to CY5 may each independently be a C5-C;, carbo-
cyclic group or a C,-C;, heterocyclic group, wherein
CY, may not be benzimidazole,

a cyclometalated ring formed by CY5, CY,, CY;, and M
may be a 6-membered ring,

X5, may be O, S, N-[(L;),7-(R7)7], C(R7)(Rs), Si(R7)
(Rg), Ge(R7)(Ry), C(=0), N, C(R,), Si(R;), or Ge(R,),

R, and Ry may optionally be linked together via a first
linking group to form a substituted or unsubstituted
C5-C5, carbocyclic group or a substituted or unsubsti-
tuted C,-C;, heterocyclic group,

L, to L, and L, may each independently be a substituted
or unsubstituted C;-C;, carbocyclic group or a substi-
tuted or unsubstituted C,-C,, heterocyclic group,

bl to b4 and b7 may each independently be an integer
from O to 5,

R, to R,, R,, and Ry may each independently be hydro-
gen, deuterium, —F, —Cl, —Br, —I, —SF;, a
hydroxyl group, a cyano group, a nitro group, an
amidino group, a hydrazine group, a hydrazone group,
a carboxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a substituted or unsubstituted C,-Cg, alkyl
group, a substituted or unsubstituted C,-Cg4, alkenyl
group, a substituted or unsubstituted C,-C, alkynyl
group, a substituted or unsubstituted C,-C,, alkoxy
group, a substituted or unsubstituted C,-C, , cycloalkyl
group, a substituted or unsubstituted C,-C, , heterocy-
cloalkyl group, a substituted or unsubstituted C;-C,,
cycloalkenyl group, a substituted or unsubstituted
C,-C,, heterocycloalkenyl group, a substituted or
unsubstituted C,-Cg, aryl group, a substituted or unsub-
stituted C4-C, aryloxy group, a substituted or unsub-
stituted C4-Cg, arylthio group, a substituted or unsub-
stituted C,-Cg4, arylalkyl group, a substituted or
unsubstituted C,-Cg, heteroaryl group, a substituted or
unsubstituted C,-Cg, heteroaryloxy group, a substi-
tuted or unsubstituted C,-Cg, heteroarylthio group, a
substituted or unsubstituted C,-Cg, heteroarylalkyl
group, a substituted or unsubstituted monovalent non-
aromatic condensed polycyclic group, a substituted or
unsubstituted monovalent non-aromatic condensed het-

eropolycyclic group, —N(Q,)(Q,), —Si(Q3)(Q4)(Qs):
—B(Qe)(Q7), or —P(=0)(Q4)(Qo):

cl to c4 may each independently be an integer from 1 to
55

al to a4 may each independently be 0, 1, 2, 3, 4, or 5,

two of a plurality of neighboring R, (s) may optionally be
linked together to form a substituted or unsubstituted
C5-C5, carbocyclic group or a substituted or unsubsti-
tuted C,-C;, heterocyclic group,

two of a plurality of neighboring R,(s) may optionally be
linked together to form a substituted or unsubstituted
C;-C,4, carbocyclic group or a substituted or unsubsti-
tuted C,-C;, heterocyclic group,

two of a plurality of neighboring R,(s) may optionally be
linked together to form a substituted or unsubstituted
C5-C5, carbocyclic group or a substituted or unsubsti-
tuted C,-C;, heterocyclic group,

two of a plurality of neighboring R ,(s) may optionally be
linked together to form a substituted or unsubstituted
C5-C5, carbocyclic group or a substituted or unsubsti-
tuted C,-C;, heterocyclic group,

neighboring two or more of R, to R, may optionally be
linked together to form a substituted or unsubstituted
C5-C5, carbocyclic group or a substituted or unsubsti-
tuted C,-C;, heterocyclic group,
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at least one of the substituted Cs-C;,, carbocyclic group,
the substituted C,-C;, heterocyclic group, the substi-
tuted C,-Cq, alkyl group, the substituted C,-Cg, alk-
enyl group, the substituted C,-Cg,, alkynyl group, the
substituted C,-C4, alkoxy group, the substituted
C;-C,, cycloalkyl group, the substituted C,-C,, het-
erocycloalkyl group, the substituted C,-C,, cycloalk-
enyl group, the substituted C,-C,, heterocycloalkenyl
group, the substituted C;-Cg, aryl group, the substi-
tuted C4-Cy aryloxy group, the substituted Cg-Cgp
arylthio group, the substituted C,-C, heteroaryl group,
the substituted monovalent non-aromatic condensed
polycyclic group, and the substituted monovalent non-
aromatic condensed heteropolycyclic group may be:

deuterium, —F, —Cl, —Br, —I, —CD;, —CD,H,
—CDH,, —CF,, —CF,H, —CFH,, a hydroxy] group,
a cyano group, a nitro group, an amidino group, a
hydrazine group, a hydrazone group, a carboxylic acid
group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a
C,-Cq, alkyl group, a C,-Cg, alkenyl group, a C,-Cg,
alkynyl group, or a C,-Cg, alkoxy group; a C,-Cg,
alkyl group, a C,-C, alkenyl group, a C,-C, alkynyl
group, and a C,-C,, alkoxy group, each substituted
with at least one of deuterium, —F, —Cl, —Br, —I,
—CD,, —CD,H, —CDH,, —CF,, —CF,H, —CFH,,
a hydroxyl group, a cyano group, a nitro group, an
amidino group, a hydrazine group, a hydrazone group,
a carboxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C;-C, , cycloalkyl group, a C,-C,,, heterocy-
cloalkyl group, a C5-C,, cycloalkenyl group, a C,-C,,,
heterocycloalkenyl group, a C4Cg, aryl group, a
Cs-Cqo aryloxy group, a C4-Cg, arylthio group, a
C,-Cyg, heteroaryl group, a substituted or unsubstituted
C,-Cg, heteroaryloxy group, a substituted or unsubsti-
tuted C,-Cq4, heteroarylthio group, a substituted or
unsubstituted C,-Cg, heteroarylalkyl group, a monova-
lent non-aromatic condensed polycyclic group, a mon-
ovalent non-aromatic condensed heteropolycyclic

group, —N(Q,)(Q; ), —Si(Q13)(Q14)(Q15). —B(Q16)
(Q7), or —P(=0)(Q,5)(Q;5);

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, hetero-
cycloalkenyl group, a C4-Cq aryl group, a Cg-Cgp
aryloxy group, a C4-Cg, arylthio group, a C,-Cg, het-
eroaryl group, a monovalent non-aromatic condensed
polycyclic group, or a monovalent non-aromatic con-
densed heteropolycyclic group;

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, hetero-
cycloalkenyl group, a C4-Cq aryl group, a Cg-Cgp
aryloxy group, a C4-Cg, arylthio group, a C,-Cg, het-
eroaryl group, a monovalent non-aromatic condensed
polycyclic group, or a monovalent non-aromatic con-
densed heteropolycyclic group, each substituted with at
least one of deuterium, —F, —Cl, —Br, —I, —CD;,
—CD,H, —CDH,, —CF,, —CF,H, —CFH,, a
hydroxyl group, a cyano group, a nitro group, an
amidino group, a hydrazine group, a hydrazone group,
a carboxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,-C, alkyl group, a C,-C, alkenyl group,
a C,-Cg, alkynyl group, a C,-Cg, alkoxy group, a
C;-C,o cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, hetero-
cycloalkenyl group, a C4-Cq aryl group, a Cg-Cgp
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aryloxy group, a C4-Cg, arylthio group, a C,-Cg, het-
eroaryl group, a monovalent non-aromatic condensed
polycyclic group, a monovalent non-aromatic con-
densed heteropolycyclic group, —N(Q,,)(Q,,), —Si

(Q23)(Q24)(Q25); —B(Q126)(Q27), or —P(E=0)(Qys)

(Qq); 0r )
—NQ:)Qs2),  —S1(Q33)(Q34)(Qs5), —B(Q36)(Qs7):
Q, t0 Qo, Qy; 10 Qyo, Qy; 10 Qo and Q5 to Q4 are the

and —P(—0)(Q;5)(Qs5), and
same as described in connection with Q, in the present
disclosure.

In Formulae 1-1 to 1-4 and 1A, an unsubstituted C5-C;
carbocyclic group, an unsubstituted C,-C;, heterocyclic
group, and CY, to CY, may each independently be from a)
a 6-membered ring, b) a condensed ring in which two or
more 6-membered rings are condensed with each other, or ¢)
a condensed ring in which one or more 6-membered rings
and one 5-membered ring are condensed with each other, the
6-membered ring may be a cyclohexane group, a cyclohex-
ene group, an adamantane group, a norbornane group, a
norbornene group, a benzene group, a pyridine group, a
pyrimidine group, a pyrazine group, a pyridazine group, or
a triazine group, and the 5-membered ring may be a cyclo-
pentane group, a cyclopentene group, a cyclopentadiene
group, a furan group, a thiophene group, a silole group, a
pyrrole group, a pyrazole group, an imidazole group, a
triazole group, an oxazole group, an isoxazole group, a
thiazole group, an isothiazole group, an oxadiazole group, or
a thiadiazole group.

In Formulae 1-1 to 1-4, a non-cyclic group may be *
7C(:O)7*|, *404(:0)7*15 *784(:0)7*15 £
—O0—C(=S)—"*, *S8—C(=S)—*', or the like, but
embodiments of the present disclosure are not limited
thereto.

In Formulae 1-1 to 1-4 and 1A, a substituent of a
substituted C5-C;, carbocyclic group, a substituent of a
substituted C,-C;, heterocyclic group, Ry, to Ry, R, to R,
R,, and Rg may each independently be:

hydrogen, deuterium, —F, —Cl, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine group, a hydrazone group,
a carboxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, —SF., C,-C,, alkyl group, or a C,-C,, alkoxy
group;

a C,-C,, alkyl group and a C,-C,, alkoxy group, each
substituted with at least one of deuterium, —F, —Cl,
—Br, —1,—CD,, —CD,H, —CDH,, —CF,, —CF,H,
—CFH,, a hydroxyl group, a cyano group, a nitro
group, an amino group, an amidino group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a
salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C,-C,, alkyl
group, a cyclopentyl group, a cyclohexyl group, a
cycloheptyl group, a cyclooctyl group, an adamantanyl
group, a norbornanyl group, a norbornenyl group, a
cyclopentenyl group, a cyclohexenyl group, a cyclo-
heptenyl group, a phenyl group, a naphthyl group, a
pyridinyl group, or a pyrimidinyl group;

a cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a
norbornanyl group, a norbornenyl group, a cyclopen-
tenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a fluorenyl
group, a phenanthrenyl group, an anthracenyl group, a
fluoranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group, a pyrrolyl group, a thiophe-
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nyl group, a furanyl group, an imidazolyl group, a
pyrazolyl group, a thiazolyl group, an isothiazolyl
group, an oxazolyl group, an isoxazolyl group, a pyridi-
nyl group, a pyrazinyl group, a pyrimidinyl group, a
pyridazinyl group, an isoindolyl group, an indolyl
group, an indazolyl group, a purinyl group, a quinolinyl
group, an isoquinolinyl group, a benzoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a
cinnolinyl group, a carbazolyl group, a phenanthrolinyl
group, a benzimidazolyl group, a benzofuranyl group,
a benzothiophenyl group, an isobenzothiazolyl group, a
benzoxazolyl group, an isobenzoxazolyl group, a tri-
azolyl group, a tetrazolyl group, an oxadiazolyl group,
a triazinyl group, a dibenzofuranyl group, a dibenzo-
thiophenyl group, a dibenzosilolyl group, a benzocar-
bazolyl group, a dibenzocarbazolyl group, an imida-
zopyridinyl group, or an imidazopyrimidinyl group;

a cyclopentyl group, a cyclohexyl group, a cycloheptyl
group, a cyclooctyl group, an adamantanyl group, a
norbornanyl group, a norbornenyl group, a cyclopen-
tenyl group, a cyclohexenyl group, a cycloheptenyl
group, a phenyl group, a naphthyl group, a fluorenyl
group, a phenanthrenyl group, an anthracenyl group, a
fluoranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group, a pyrrolyl group, a thiophe-
nyl group, a furanyl group, an imidazolyl group, a
pyrazolyl group, a thiazolyl group, an isothiazolyl
group, an oxazolyl group, an isoxazolyl group, a pyridi-
nyl group, a pyrazinyl group, a pyrimidinyl group, a
pyridazinyl group, an isoindolyl group, an indolyl
group, an indazolyl group, a purinyl group, a quinolinyl
group, an isoquinolinyl group, a benzoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a
cinnolinyl group, a carbazolyl group, a phenanthrolinyl
group, a benzimidazolyl group, a benzofuranyl group,
a benzothiophenyl group, an isobenzothiazolyl group, a
benzoxazolyl group, an isobenzoxazolyl group, a tri-
azolyl group, a tetrazolyl group, an oxadiazolyl group,
a triazinyl group, a dibenzofuranyl group, a dibenzo-
thiophenyl group, a dibenzosilolyl group, a benzocar-
bazolyl group, a dibenzocarbazolyl group, an imida-
zopyridinyl group, or an imidazopyrimidinyl group,
each substituted with at least one of deuterium, —F,
—Cl, —Br, —I, —CD,, —CD,H, —CDH,, —CF,,
—CF,H, —CFH,, a hydroxyl group, a cyano group, a
nitro group, an amino group, an amidino group, a
hydrazine group, a hydrazone group, a carboxylic acid
group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a
C,-C,, alkyl group, a C,-C,, alkoxy group, a cyclo-
pentyl group, a cyclohexyl group, a cycloheptyl group,
a cyclooctyl group, an adamantanyl group, a norbor-
nanyl group, a norbornenyl group, a cyclopentenyl
group, a cyclohexenyl group, a cycloheptenyl group, a
phenyl group, a naphthyl group, a fluorenyl group, a
phenanthrenyl group, an anthracenyl group, a fluo-
ranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group, a pyrrolyl group, a thiophe-
nyl group, a furanyl group, an imidazolyl group, a
pyrazolyl group, a thiazolyl group, an isothiazolyl
group, an oxazolyl group, an isoxazolyl group, a pyridi-
nyl group, a pyrazinyl group, a pyrimidinyl group, a
pyridazinyl group, an isoindolyl group, an indolyl
group, an indazolyl group, a purinyl group, a quinolinyl
group, an isoquinolinyl group, a benzoquinolinyl
group, a quinoxalinyl group, a quinazolinyl group, a
cinnolinyl group, a carbazolyl group, a phenanthrolinyl
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group, a benzimidazolyl group, a benzofuranyl group, two of R;; to R;; may optionally be linked together to
a benzothiophenyl group, an isobenzothiazolyl group, a form a substituted or unsubstituted C,-C;, carbocyclic
benzoxazolyl group, an isobenzoxazolyl group, a tri- group or a substituted or unsubstituted C,-C;, hetero-
azolyl group, a tetrazolyl group, an oxadiazolyl group, cyclic group, and

a .triazinyl group, a di.benzofljlranyl group, a dibenzo- two of R,; to R,, may optionally be linked together to
thiophenyl group, a dibenzosilolyl group, a ben.zo.car- form a substituted or unsubstituted C5-Cs, carbocyclic
bazolyl group, a dibenzocarbazolyl group, an imida- group or a substituted or unsubstituted C,-C,,, hetero-
zopyridinyl group, an imidazopyrimidinyl group, or cyclic group.
—S8(Q33)(Q34)(Qs5): or

—N(Q)(Qy)., —Si(Q3)(QQs). —B(Qe)Q,), and
—P(E=0)(Q5)(Qy), wherein Q, to Qg and Q5 to Q5

are the same as described in connection with Q5 in the
present disclosure.
In one or more embodiments, the dopant may be repre-
sented by Formula 1A-1:

10 For example, the dopant may be one of Compounds 1-1
to 1-88, 2-1 to 2-47, and 3-1 to 3-583, but embodiments of
the present disclosure are not limited thereto:

15 1-1

1A-1
20

25

Xp—Xy

30
1-2
In Formula 1A-1,

M, X, to X5, and X, are each independently the same as
described above,

X,y may be N or C-[(Ly1)511-(Ry1)o11], Xy may be Nor
C-[(L12)p12-(R12)e12], Xy5 may be N or C-[(Li3),15-
Ria)aisls X4 may be Nor C-[(L1)514-(R14).14],

L,,toL,,, bltobld R,, to R,,, and cl to c14 are each
independently the same as described in connection with
L,, bl, R, and c1 in the present disclosure,

X5, may be N or C-[(L31)521-(Ra1) 211 Xz, may be Nor
C-[(L22)s22-(Raz)enz], Xo3 may be N or C-[(Las)saa-
(R23)5‘23]5

L,, to L,;, b21 to b23, R,, to R,;, and c21 to ¢23 are each 45
independently the same as described in connection with
L,, b2, R,, and c2 in the present disclosure,

X5, may be N or C-[(L31)531-(R31) 311 X5, may be Nor
C-[(Lan)pa-(Rap)esz]s X33 may be N or C-[(Las)pas-
Rs3)e3l: 50

L5, to L3, b31 t0 b33, R;, to R;5, and ¢31 to ¢33 are each
independently the same as described in connection with 1-3
L,, b3, R;, and ¢3 in the present disclosure,

X,y may be N or C-[(Luy)pa1-(Ray)ear ] X4, may be N or
C-[(La2)paz-(Raz)osz], X435 may be N or C-[(Lusz)pas- 55
Ra3)casls Xy may be N or C-{(Lis)pas-Ras)asl:

L,, toL,,, b4l tob44,R,, to R ,, and c41 to c44 are each
independently the same as described in connection with
L,, b4, R,, and c4 in the present specification,

two of R;; to R;, may optionally be linked together to 60
form a substituted or unsubstituted C,-C;, carbocyclic
group or a substituted or unsubstituted C,-C;, hetero-
cyclic group,

two of R,, to R,; may optionally be linked together to
form a substituted or unsubstituted C5-C,,, carbocyclic 65
group or a substituted or unsubstituted C,-C;, hetero-

cyclic group,

35
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CD;

Host in Emission Layer 15

A host in the emission layer 15 may include, for example
consist essentially of, or for example consist of, one type of
compound or may be a mixture of two or more different
types of compounds.

The host in the emission layer 15 may include a first host.

In one or more embodiments, the emission layer 15 may
include a first host and a second host, the second host may
be a hole transport host, and the second host may be an
electron transport host including an electron transport moi-
ety.

The “electron transport moiety” as used herein may be a
cyano group, a 7 electron-deficient nitrogen-containing
cyclic group, or a group represented by one of the following
formulae:

O S O (€]
ll l ll Il
D U R » ST ST Y

£l El

In the formulae above,*, * and *" each indicates a
binding site to a neighboring atom.

The term “n electron-deficient nitrogen-containing cyclic
group” as used herein refers to a C,-C, heterocyclic group
having at least one *—N—*" moiety, and examples thereof
include an imidazole group, a pyrazole group, a thiazole
group, an isothiazole group, an oxazole group, an isoxazole
group, a pyridine group, a pyrazine group, a pyridazine
group, a pyrimidine group, an indazole group, a purine
group, a quinoline group, an isoquinoline group, a benzo-
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quinoline group, a phthalazine group, a naphthyridine group,
a quinoxaline group, a quinazoline group, a cinnoline group,
a phenanthridine group, an acridine group, a phenanthroline
group, a phenazine group, a benzimidazole group, an
isobenzothiazole group, a benzoxazole group, an isobenzo-
xazole group, a triazole group, a tetrazole group, an oxadi-
azole group, a triazine group, a thiadiazole group, an imi-
dazopyridine group, an imidazopyrimidine group, an
azacarbazole group, diazabenzofuran, diazabenzothiophene,
and diazabenzopyrrole.

In an embodiment, the electron transport moiety may be
a group selected from groups represented by Formulae 3-1
to 3-3:

3-1

3-2

Ras

Rsy7
33

In Formulae 3-1 to 3-3,

X3y, may be N or C(Rj,4).

X5, may be O, S, or N(R;,,),

X553 may be O, S, or N(R;,,),

R, to R;,, may each independently be a binding site to
a neighboring atom, hydrogen, deuterium, —F —Cl,
—Br, —I, a hydroxyl group, a cyano group, a nitro
group, an amidino group, a hydrazine group, a hydra-
zone group, a carboxylic acid group or a salt thereof, a
sulfonic acid group or a salt thereof, a phosphoric acid
group or a salt thereof, a substituted or unsubstituted
C,-Cq, alkyl group, a substituted or unsubstituted

alkenyl group, a substituted or unsubstituted

alkynyl group, a substituted or unsubstituted
alkoxy group, a substituted or unsubstituted

C;-C,, cycloalkyl group, a substituted or unsubstituted

C,-C,, heterocycloalkyl group, a substituted or unsub-

stituted C;-C,, cycloalkenyl group, a substituted or

unsubstituted C,-C, , heterocycloalkenyl group, a sub-
stituted or unsubstituted C4,-Cg, aryl group, a substi-
tuted or unsubstituted C4-Cg, aryloxy group, a substi-

tuted or unsubstituted C,-Cg, arylthio group, a

substituted or unsubstituted C,-C,, heteroaryl group, a

substituted or unsubstituted monovalent non-aromatic

[oReXe!

2-(;60
2-Coo
1-Ceo
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condensed polycyclic group, a substituted or unsubsti-
tuted monovalent non-aromatic condensed heteropoly-

cyclic  group,  —Si(Q)(Q)(Q;3). —N(Q)(Qy).
—BQ)Q:), —CE=O0)Q)). —S=0)Q,). or
—PEOQQy),

at least one of R;;, to R;;, may be a binding site to a

neighboring atom,

at least one of R;,5 to R;,;s may be a binding site to a

neighboring atom, and

at least one of R;,, to R;,; may be a binding site to a

neighboring atom.
First Host in Emission Layer 15

In an embodiment, the first host may be a carbazole-
containing compound that does not include an electron
transport moiety.

In one or more embodiments, the first host may be a
carbazole-containing compound including an electron trans-
port moiety, and the electron transport moiety may be a 7
electron-deficient nitrogen-containing cyclic group.

In one or more embodiments, the first host may be a
carbazole-containing compound including an electron trans-
port moiety, and the electron transport moiety may be one or
more groups represented by Formulae 3-1 to 3-3:

3-1
Ran

AN
PPN

Rs12 X311 Rai3
3-2
Rsis

N
|

Z

Rs16

3-3

Raj

Rsxs Ran

In Formulae 3-1 to 3-3,

X;;; may be N or C(R;,,),

X315 may be O, S, or N(R;,),

X313 may be O, S, or N(Ry,,),

R;,; to R;,, may each independently be a binding site to
a neighboring atom, hydrogen, deuterium, —F —Cl,
—Br, —I, a hydroxyl group, a cyano group, a nitro
group, an amidino group, a hydrazine group, a hydra-
zone group, a carboxylic acid group or a salt thereof, a
sulfonic acid group or a salt thereof, a phosphoric acid
group or a salt thereof, a substituted or unsubstituted
C,-Cq, alkyl group, a substituted or unsubstituted
alkenyl group, a substituted or unsubstituted
, alkynyl group, a substituted or unsubstituted
alkoxy group, a substituted or unsubstituted

10 cycloalkyl group, a substituted or unsubstituted

C,-Cqp
C C
C C
C;-C
C -C,, heterocycloalkyl group, a substituted or unsub-
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stituted C;-C,, cycloalkenyl group, a substituted or
unsubstituted C,-C, , heterocycloalkenyl group, a sub-
stituted or unsubstituted C4,-Cg, aryl group, a substi-
tuted or unsubstituted C4-Cg, aryloxy group, a substi-
tuted or unsubstituted C,-Cg, arylthio group, a
substituted or unsubstituted C,-Cg, arylalkyl group, a
substituted or unsubstituted C,-C, heteroaryl group, a
substituted or unsubstituted C,;-Cg, heteroaryloxy
group, a substituted or unsubstituted C, -C,,, heteroaryl-
thio group, a substituted or unsubstituted C,-Cg, het-
eroarylalkyl group, a substituted or unsubstituted mon-
ovalent non-aromatic condensed polycyclic group, a
substituted or unsubstituted monovalent non-aromatic
condensed heteropolycyclic group, —Si(Q;)(Q,)(Qs),
—N(QQo). —B(Q)Q>). —C=0)Qy).
—S8(=0), Q). or —P(—=0)(Q)(Q»),

at least one of R;;, to R;,, may be a binding site to a
neighboring atom,

at least one of R;,5 to R;;; may be a binding site to a
neighboring atom, and

at least one of R;,, to R;,; may be a binding site to a
neighboring atom.

In an embodiment, the first host may be a carbazole-based

compound represented by Formula 4:

Formula 4
(T|~401)a401— (Ra01)p401
N (Ra04)p404
Rao3)rso3 }R405)b405 Y, (La02)a402— (Ra02)pa02
= Rao6)p406

In Formula 4,

L,o; to Ly, may each independently be a substituted or
unsubstituted C5-Cg,, carbocyclic group or a substituted
or unsubstituted C,-C, heterocyclic group,

a401 to a402 may each independently be an integer from
0to 5,

R,o; and R,,, may each independently be a substituted or
unsubstituted C5-C,, cycloalkyl group, a substituted or
unsubstituted C,-C, , heterocycloalkyl group, a substi-
tuted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C, , heterocycloalkenyl
group, a substituted or unsubstituted C;-C,, aryl group,
a substituted or unsubstituted C,-Cg, heteroaryl group,
a substituted or unsubstituted monovalent non-aromatic
condensed polycyclic group, or a substituted or unsub-
stituted monovalent non-aromatic condensed heteropo-
lycyclic group,

R,05 to R,y may each 1ndependently be hydrogen, deu-
terium, —F —Cl1, —Br, —1I, a hydroxyl group, a cyano
group, a nitro group, an am1d1n0 group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a
salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a substituted or
unsubstituted C,-C, alkyl group, a substituted or
unsubstituted C,-Cg, alkenyl group, a substituted or
unsubstituted C,-Cg, alkynyl group, a substituted or
unsubstituted C,-Cg, alkoxy group, a substituted or
unsubstituted C5-C,, cycloalkyl group, a substituted or
unsubstituted C,-Cg, heterocycloalkyl group, a substi-
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tuted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C,, heterocycloalkenyl
group, a substituted or unsubstituted C;-C,, aryl group,
a substituted or unsubstituted C4-Cg, aryloxy group, a
substituted or unsubstituted C,-Cg, arylthio group, a
substituted or unsubstituted C,-C, arylalkyl group, a
substituted or unsubstituted C,-Cg, heteroaryl group, a
substituted or unsubstituted C,-C,, heteroaryloxy
group, a substituted or unsubstituted C, -C,,, heteroaryl-
thio group, a substituted or unsubstituted C,-C,, het-
eroarylalkyl group, a substituted or unsubstituted mon-
ovalent non-aromatic condensed polycyclic group, a
substituted or unsubstituted monovalent non-aromatic
condensed heteropolycyclic group, —Si(Q,)(Q,)(Q;),
—N(QQo). —B(Q)Q>). —C(=0)Qy).
—S(=0), (Q)), or —P(=0)(Q,)(Q>);

b401 and b402 may each independently be an integer
from 1 to 5,

b403 and b406 may each independently be an integer
from 1 to 4, and

b404 and b405 may each independently be an integer
from 1 to 3.

wherein Q, to Q; are the same as described in connection
with Q5 in the present disclosure.

In an embodiment, I, L,s, Rug;, and R,y, do not
include an electron transport moiety.

In one or more embodiments, at least one of L5, L 45,
R,0;, and R4, may include an electron transport moiety, and
the electron transport moiety may be a t electron-deficient
nitrogen-containing cyclic group.

In one or more embodiments, at least one of L5, L 45,
R,q;, and R4, may include an electron transport moiety, and
the electron transport moiety may be one or more groups
represented by Formulae 3-1 to 3-3.

The first host may be, for example, one or more the
following compounds, but embodiments of the present dis-
closure are not limited thereto:

H-HT1

N

DI

g
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‘\? N O
Second Host in Emission Layer 15

In an embodiment, an electron transport moiety in the
second host may be a 71 electron-deficient nitrogen-con-
taining cyclic group.

In one or more embodiments, an electron transport moiety
in the second host may one or more groups represented by
Formulae 3-1 to 3-3:

H-HT2

Rap

Nl)\N
)\ )\
Ry X

311 Rai3

Rays

N
|

Z

Rsi6 R3is

X312

Ra17

Rsaj

Rsxs Razs

In Formulae 3-1 to 3-3,

X;,; may be N or C(R;,,,),

X1, may be O, 8, or N(R;,0),

X535 may be O, S, or N(R;,.,),

R;,; to R;,, may each independently be a binding site to
a neighboring atom, hydrogen, deuterium, —F —Cl,
—Br, —I, a hydroxyl group, a cyano group, a nitro
group, an amidino group, a hydrazine group, a hydra-
zone group, a carboxylic acid group or a salt thereof, a
sulfonic acid group or a salt thereof, a phosphoric acid
group or a salt thereof, a substituted or unsubstituted
C,-Cq, alkyl group, a substituted or unsubstituted
C,-Cq, alkenyl group, a substituted or unsubstituted
C,-Cq, alkynyl group, a substituted or unsubstituted
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C,-Cq, alkoxy group, a substituted or unsubstituted
C,-C,, cycloalkyl group, a substituted or unsubstituted
C,-C,, heterocycloalkyl group, a substituted or unsub-
stituted C;-C,, cycloalkenyl group, a substituted or
unsubstituted C,-C,, heterocycloalkenyl group, a sub-
stituted or unsubstituted C4-Cg, aryl group, a substi-
tuted or unsubstituted C4-C, aryloxy group, a substi-
tuted or unsubstituted C,-Cg, arylthio group, a
substituted or unsubstituted C,-Cg, arylalkyl group, a
substituted or unsubstituted C,-Cg, heteroaryl group, a
substituted or unsubstituted C,-Cy, heteroaryloxy
group, a substituted or unsubstituted C, -C,,, heteroaryl-
thio group, a substituted or unsubstituted C,-C,, het-
eroarylalkyl group, a substituted or unsubstituted mon-
ovalent non-aromatic condensed polycyclic group, a
substituted or unsubstituted monovalent non-aromatic
condensed heteropolycyclic group, —Si(Q,; )(Q,)(Q5),
—N(Q)Qo). —B(Q)Q>). —C(=0)Qy).
—S8(=0), Q). or —P(=0)(Q)(Q>),

at least one of R;;, to R;;; may be a binding site to a
neighboring atom,

at least one of R;,5 to R;,;s may be a binding site to a
neighboring atom, and

at least one of R;,, to R;,; may be a binding site to a
neighboring atom.

In one or more embodiments, the electron transport host

may be selected from compounds represented by Formula
301:

[A301 b1 [L301)x51-Ra01 Les1 Formula 301

In Formula 301,

Ar;,; may be a substituted or unsubstituted C5-Cq, car-
bocyclic group or a substituted or unsubstituted C,-Cg,
heterocyclic group,

xb1l may be 1, 2, or 3,

L,,, may each independently be a single bond, a group
represented by one of the following formulae, a sub-
stituted or unsubstituted C5-C, carbocyclic group, or a
substituted or unsubstituted C,-Cg, heterocyclic group,
and*, *' and *" in the following formulae are each a
binding site to a neighboring atom,

(€] S (6] (€]
l l ll Il
Y

[ » PR 3 S S — S Q!

*

' x! fo)

xbl may be an integer from 1 to 5,

R;,; may be deuterium, —F, —Cl, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amidino group,
a hydrazine group, a hydrazone group, a substituted or
unsubstituted C,-Cg4, alkyl group, a substituted or
unsubstituted C,-C, alkenyl group, a substituted or
unsubstituted C,-Cg, alkynyl group, a substituted or
unsubstituted C,-C,, alkoxy group, a substituted or
unsubstituted C5-C,, cycloalkyl group, a substituted or
unsubstituted C,-C, , heterocycloalkyl group, a substi-
tuted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C, , heterocycloalkenyl
group, a substituted or unsubstituted C;-Cg,, aryl group,
a substituted or unsubstituted C4-Cg, aryloxy group, a
substituted or unsubstituted C,-Cg, arylthio group, a
substituted or unsubstituted C,-Cg, heteroaryl group, a
substituted or unsubstituted monovalent non-aromatic
condensed polycyclic group, a substituted or unsubsti-
tuted monovalent non-aromatic condensed heteropoly-
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cyclic group, —Si(Q30,)(Q302)(Q303), —N(Q301)
(Q302)s 7B(Q301)(Q302)5 —C(:O)(le), *S(:O)z
Qs01)s —SE0)Qs01)y —PE0)(Q301)(Qs02), OF

—PE8)(Q101)Qs02);
Qgo; 10 Qo3 may each independently be a C,-C,, alkyl

group, a C,-C,, alkoxy group, a phenyl group, a
biphenyl group, a terphenyl group, or a naphthyl group,
xb21 may be an integer from 1 to 5, and
at least one of Aryy;, L5, and R;,; may each indepen-
dently include a 7 electron-deficient nitrogen-contain-
ing cyclic group, or L,,, may be a group represented by
one of the following formulae

(€] S (€] (€]
l l l I
Y

Fee Pk P —_— I e G

£l El 0

For example, in Formula 301, at least one of Ar,,,, L;,,,

and R;,, may each independently include a 7 electron-
deficient nitrogen-containing cyclic group.

In one or more embodiments, in Formula 301, at least one

of Ary,, L;0;, and R, may each independently be groups
represented by Formulae 3-1 to 3-3.

The second host may be, for example, the following
compound, but embodiments of the present disclosure are

not limited thereto:

H-ET1

N—
N
(O~

Hole Transport Region 13

The hole transport region 13 may be disposed between the
first electrode 11 and the emission layer 15 of the organic
light-emitting device 10.

The hole transport region 13 may have a single-layered
structure or a multi-layered structure.

For example, the hole transport region 13 may have a hole
injection layer, a hole transport layer, a hole injection
layer/hole transport layer structure, a hole injection layer/
first hole transport layer/second hole transport layer struc-
ture, a hole transport layer/interlayer structure, a hole injec-
tion layer/hole transport layer/interlayer structure, a hole
transport layer/electron blocking layer structure, or a hole
injection layer/hole transport layer/electron blocking layer
structure, but embodiments of the present disclosure are not
limited thereto.

The hole transport region 13 may include any compound
having hole transport characteristics.
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In an embodiment, a first hole transport material included
in the hole transport region 13 may be selected from any
material that satisfies T1(HT1)=T1(D).

For example, the hole transport region 13 may include an
amine-based compound.

In an embodiment, the hole transport region 13 may
include at least one of a compound represented by Formula
201 to a compound represented by Formula 205, but
embodiments of the present disclosure are not limited
thereto:

Formula 201
(L202)ra2— Rao2

Roor——T201)xa1——N

(L203)a3—Raoz

Formula 202
Raoi——L201)xa1 (L203)xa3—Rao3
N—(Laoshas—N,
Rooo——(L202)ea2 (L204)xaa—Roo4
Formula 203
(L205)xa5— Raos
Roor——L201)xa1 | (L203)xa3—Roo3
N—Tao Logr—N

Rop = (L202)xa2 (L204)vas—Ra04

Formula 204
Rooi— (Lao1)sal (L204)xa4=R204
Rao1=(L202)ka2e N=Ta0mar™N  (L20s)xas™ Raos
 N—(L209)xa0 (L208)as= N
Ra03~ (L203)xa3 (L206)xa6~Raos
Formula 205
Roos—(Laoghas~_ - L205kas—Raos
N
(L207)xa7
Roor——L201)xa1 | (L203)xa3—Roo3
N—Taod Loge—N
Rop = (La02)xa2 (Lao4)xas—Roos

In Formulae 201 to 205,

L, to L,os may each independently *-be O—*' *
—S—*, a substituted or unsubstituted C;-Cg, carbo-
cyclic group, or a substituted or unsubstituted C,-Cg,
heterocyclic group,

xal to xa9 may each independently be an integer from 0
to 5, and

R,p; to R,06 may each independently be a substituted or
unsubstituted C5-C,, cycloalkyl group, a substituted or
unsubstituted C,-C,, heterocycloalkyl group, a substi-
tuted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C, heterocycloalkenyl
group, a substituted or unsubstituted C;-C,, aryl group,
a substituted or unsubstituted C4-Cg, aryloxy group, a
substituted or unsubstituted C4-Cy,, arylthio group, a
substituted or unsubstituted C,-Cg, heteroaryl group, a
substituted or unsubstituted monovalent non-aromatic
condensed polycyclic group, or a substituted or unsub-
stituted monovalent non-aromatic condensed heteropo-
lycyclic group, wherein neighboring two groups of
R,0; to R0 may optionally be linked to each other via
a single bond, a dimethyl-methylene group, or a diphe-
nyl-methylene group.
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For example,
L,q; to L,oe may each independently be a benzene group,

a heptalene group, an indene group, a naphthalene
group, an azulene group, a heptalene group, an
indacene group, an acenaphthylene group, a fluorene
group, a spiro-bifluorene group, a benzofiuorene group,
a dibenzofluorene group, a phenalene group, a
phenanthrene group, an anthracene group, a fluo-
ranthene group, a triphenylene group, a pyrene group,
a chrysene group, a naphthacene group, a picene group,
a perylene group, a pentacene group, a hexacene group,
a pentacene group, a rubicene group, a coronene group,
an ovalene group, a pyrrole group, an isoindole group,
an indole group, a furan group, a thiophene group, a
benzofuran group, a benzothiophene group, a benzo-
carbazole group, a dibenzocarbazole group, a dibenzo-
furan group, a dibenzothiophene group, a dibenzothi-
ophene sulfone group, a carbazole group, a
dibenzosilole group, an indenocarbazole group, an
indolocarbazole group, a benzofurocarbazole group, a
benzothienocarbazole group, and a triindolobenzene
group, each unsubstituted or substituted with at least
one selected from deuterium, a C,-C,, alkyl group, a
C,-C,, alkoxy group, a phenyl group, a naphthyl group,
a fluorenyl group, a carbazolyl group, a dibenzofuranyl
group, a dibenzothiophenyl group, a triphenylenyl
group, a biphenyl group, a terphenyl group, a tetraphe-
nyl group, or —S(Q, )(Q,2)(Q;5),

xal to xa9 may each independently be 0, 1, or 2, and
R,,; to R, may each independently be a phenyl group,

a biphenyl group, a terphenyl group, a pentalenyl
group, an indenyl group, a naphthyl group, an azulenyl
group, a heptalenyl group, an indacenyl group, an
acenaphthyl group, a fluorenyl group, a spiro-bifluore-
nyl group, a benzofluorenyl group, a dibenzofluorenyl
group, a phenalenyl group, a phenanthrenyl group, an
anthracenyl group, a fluoranthenyl group, a triphenyle-
nyl group, a pyrenyl group, a chrysenyl group, a
naphthacenyl group, a picenyl group, a perylenyl
group, a pentaphenyl group, a hexacenyl group, a
pentacenyl group, a rubicenyl group, a coronenyl
group, an ovalenyl group, a thiophenyl group, a furanyl
group, a carbazolyl group, an indolyl group, an isoin-
dolyl group, a benzofuranyl group, a benzothiophenyl
group, a dibenzofuranyl group, a dibenzothiophenyl
group, a benzocarbazolyl group, a dibenzocarbazolyl
group, a dibenzosilolyl group, a pyridinyl group, an
indeno carbazolyl group, an indolocarbazolyl group, a
benzofurocarbazolyl group, or a benzothienocarbazolyl
group, each unsubstituted or substituted with at least
one of deuterium, —F, —Cl, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amidino group,
a hydrazine group, a hydrazone group, a C,-C,, alkyl
group, a C,-C,, alkoxy group, a cyclopentyl group, a
cyclohexyl group, a cycloheptyl group, a cyclopentenyl
group, a cyclohexenyl group, a phenyl group, a biphe-
nyl group, a terphenyl group, a phenyl group substi-
tuted with a C,-C,, alkyl group, a phenyl group sub-
stituted with —F, a pentalenyl group, an indenyl group,
a naphthyl group, an azulenyl group, a heptalenyl
group, an indacenyl group, an acenaphthyl group, a
fluorenyl group, a spiro-bifluorenyl group, a benzofluo-
renyl group, a dibenzofluorenyl group, a phenalenyl
group, a phenanthrenyl group, an anthracenyl group, a
fluoranthenyl group, a triphenylenyl group, a pyrenyl
group, a chrysenyl group, a naphthacenyl group, a
picenyl group, a perylenyl group, a pentaphenyl group,
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a hexacenyl group, a pentacenyl group, a rubicenyl
group, a coronenyl group, an ovalenyl group, a thio-
phenyl group, a furanyl group, a carbazolyl group, an
indolyl group, an isoindolyl group, a benzofuranyl
group, a benzothiophenyl group, a dibenzofuranyl
group, a dibenzothiophenyl group, a benzocarbazolyl
group, a dibenzocarbazolyl group, a dibenzosilolyl
group, a pyridinyl group, —Si(Q;,)(Q5,)(Qs3), or
—N(Q5,)(Q5,), wherein Q;, to Q;; are as defined
herein.

In an embodiment, the hole transport region 13 may
include a carbazole-containing amine-based compound.

In one or more embodiments, the hole transport region 13
may include a carbazole-containing amine-based compound
and a carbazole-free amine-based compound.

The carbazole-containing amine-based compound may
be, for example, compounds represented by Formula 201
including a carbazole group and further including at least
one of a dibenzofuran group, a dibenzothiophene group, a
fluorene group, a spiro-fluorene group, an indenocarbazole
group, an indolocarbazole group, a benzofurocarbazole
group, or a benzothienocarbazole group.

The carbazole-free amine-containing compound may be,
for example, compounds represented by Formula 201 which
do not include a carbazole group and which include at least
one of a dibenzofuran group, a dibenzothiophene group, a
fluorene group, a spiro-fluorene group, an indenocarbazole
group, an indolocarbazole group, a benzofurocarbazole
group, or a benzothienocarbazole group.

In one or more embodiments, the hole transport region 13
may include at least one of the compounds represented by
Formulae 201 or 202.

In an embodiment, the hole transport region 13 may
include at least one of the compounds represented by
Formulae 201-1, 202-1, and 201-2, but embodiments of the
present disclosure are not limited thereto:

Formula 201-1

(L202)a2—Rom

R201—(L201)xa1—N< Ry [~ X Rz
(L203)xa3 \ /
==

Raiz

Formula 202-1

Ron
Ragr——(La01xa1

/1 \
N T
N—(L205kas—N,
/ e
AN \ J

Rapa = (L202)xa?
Ropz
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-continued
Formula 201-2

(L202)ra2—Roo2 Ry

Rooi——Laot)xa—N,

(Lzos)xas\l/ P / \

Raiz

In Formulae 201-1, 202-1, and 201-2, L,,; to L,gs, Laoss
xal to xa3, xa5, R,,,, and R,,, are the same as described
above, and R,,, to R,,; may each independently be hydro-
gen, deuterium, —F, —Cl, —Br, —I, a hydroxyl group, a
cyano group, a nitro group, an amidino group, a hydrazine
group, a hydrazone group, a C,-C,, alkyl group, a C,-C,,
alkoxy group, a phenyl group, a biphenyl group, a terphenyl
group, a phenyl group substituted with a C,-C, , alkyl group,
a phenyl group substituted with —F, a naphthyl group, a
fluorenyl group, a spiro-bifluorenyl group, a dimethylfluo-
renyl group, a diphenylfluorenyl group, a triphenylenyl
group, a thiophenyl group, a furanyl group, a carbazolyl
group, an indolyl group, an isoindolyl group, a benzofuranyl
group, a benzothiophenyl group, a dibenzofuranyl group, a
dibenzothiophenyl group, a benzocarbazolyl group, a diben-
zocarbazolyl group, a dibenzosilolyl group, or a pyridinyl
group.

For example, the hole transport region 13 may include at
least one of Compounds HT1 to HT39, but embodiments of

the present disclosure are not limited thereto.

HT1

N

O

aPs
)
G
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-continued
HT39

In one or more embodiments, the hole transport region 13
of the organic light-emitting device 10 may further include
a p-dopant. When the hole transport region 13 further
includes a p-dopant, the hole transport region 13 may have
a matrix (for example, at least one of compounds repre-
sented by Formulae 201 to 205) and a p-dopant included in
the matrix. The p-dopant may be uniformly or non-uni-
formly doped in the hole transport region 13.

In an embodiment, a lowest unoccupied molecular orbital
(LUMO) energy level of the p-dopant may be -3.5 eV or
less.

The p-dopant may include at least one selected from a
quinone derivative, a metal oxide, and a cyano group-
containing compound, but embodiments of the present dis-
closure are not limited thereto.

In an embodiment, the p-dopant may include at least one
of: a quinone derivative, such as tetracyanoquinodimethane
(TCNQ), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodime-
thane (F4-TCNQ), or F6-TCNNQ;

a metal oxide, such as a tungsten oxide or a molybdenum
oxide; 1,4,5,8,9,12-hexaazatriphenylene-hexacarboni-
trile (HAT-CN); or

a compound represented by Formula 221 below; but
embodiments of the present disclosure are not limited

thereto:
CN
CN
B
N N CN
/ AN
=
I\i N CN
N
CN 7
CN
HAT-CN
F F
CN CN
CN CN
F F

F4-TCNQ
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F.
ZNex
CN /
CN F F
F6-TCNNQ
Formula 221
Razi CN
ON AR
Ry CN

In Formula 221,

R,,; to R,,; may each independently be a substituted or
unsubstituted C5-C,, cycloalkyl group, a substituted or
unsubstituted C,-C,, heterocycloalkyl group, a substi-
tuted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-Cg, heterocycloalkenyl
group, a substituted or unsubstituted C;-C,, aryl group,
a substituted or unsubstituted C,-Cg, heteroaryl group,
a substituted or unsubstituted monovalent non-aromatic
condensed polycyclic group, or a substituted or unsub-
stituted monovalent non-aromatic condensed heteropo-
lycyclic group, and at least one of R,,; to R,,; may
have at least one substituent that may be a cyano group,
—F, —Cl, —Br, —1, a C,-C,, alkyl group substituted
with —F, a C,-C,,, alkyl group substituted with —Cl,
a C,-C,, alkyl group substituted with—DBr, ora C,-C,,
alkyl group substituted with —I.

The hole transport region 13 may have a thickness of
about 100 Angstrom (A) to about 10,000 A, for example,
about 400 A to about 2,000 A, and the emission layer 15 may
have a thickness of about 100 A to about 3,000 A, for
example, about 300 A to about 1,000 A. When the thickness
of'each of the hole transport region 13 and the emission layer
15 is within the range described above, satisfactory hole
transportation characteristics and/or luminescent character-
istics may be obtained without a substantial increase in
driving voltage.

Electron Transport Region 17

The electron transport region 17 is disposed between the
emission layer 15 and the second electrode 19 of the organic
light-emitting device 10.

The electron transport region 17 may have a single-
layered structure or a multi-layered structure.

For example, the electron transport region 17 may have an
electron transport layer, an electron transport layer/electron
injection layer structure, a buffer layer/electron transport
layer structure, hole blocking layer/electron transport layer
structure, a buffer layer/electron transport layer/electron
injection layer structure, or a hole blocking layer/electron
transport layer/electron injection layer structure, but
embodiments of the present disclosure are not limited
thereto.

The electron transport region 17 may include known
electron transport materials.

The electron transport region 17 (for example, a buffer
layer, a hole blocking layer, an electron control layer, or an
electron transport layer in the electron transport region 17
may include a metal-free compound containing at least one
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7 electron-deficient nitrogen-containing cyclic group. The
71 electron-deficient nitrogen-containing cyclic group is the
same as described above.

For example, the electron transport region 17 may include
a compound represented by Formula 601 below:

[ATe01]xe117[(Leo 1)xe1 Ro01]xe21 Formula 601

In Formula 601,

Arg,, and L4y, may each independently be a substituted or
unsubstituted C,-C, carbocyclic group or a substituted
or unsubstituted C,-Cg, heterocyclic group,

xell may be 1, 2, or 3,

xel may be an integer from O to 5,

Rgo; may be a substituted or unsubstituted C;-C,
cycloalkyl group, a substituted or unsubstituted C,-C,,
heterocycloalkyl group, a substituted or unsubstituted
C;-C,, cycloalkenyl group, a substituted or unsubsti-
tuted C, -C, ; heterocycloalkenyl group, a substituted or
unsubstituted C,-C, aryl group, a substituted or unsub-
stituted C4-C, aryloxy group, a substituted or unsub-
stituted C4-Cg, arylthio group, a substituted or unsub-
stituted C,-C,, heteroaryl group, a substituted or
unsubstituted monovalent non-aromatic condensed
polycyclic group, a substituted or unsubstituted mon-
ovalent non-aromatic condensed heteropolycyclic

group,  —S(Qs01)(Qs02)Qs03): —C(—0)(Qe01)-
—8(=0),(Qs01), 0F —P(—0)(Q501)(Qs02)-

Qs01 t0 Qo3 may each independently be a C,-C,, alkyl
group, a C,-C,, alkoxy group, a phenyl group, a
biphenyl group, a terphenyl group, or a naphthyl group,
and xe21 may be an integer from 1 to 5.

In an embodiment, at least one of Ar,,,(s) in the number
of xell and Ry, (s) in the number of xe21 may include the
7 electron-deficient nitrogen-containing cyclic group.

In an embodiment, ring Arg,, and Ly, in Formula 601
may each independently be a benzene group, a naphthalene
group, a fluorene group, a spiro-bifluorene group, a benzo-
fluorene group, a dibenzofluorene group, a phenalene group,
a phenanthrene group, an anthracene group, a fluoranthene
group, a triphenylene group, a pyrene group, a chrysene
group, a naphthacene group, a picene group, a perylene
group, a pentaphene group, an indenoanthracene group, a
dibenzofuran group, a dibenzothiophene group, a carbazole
group, an imidazole group, a pyrazole group, a thiazole
group, an isothiazole group, an oxazole group, an isoxazole
group, a pyridine group, a pyrazine group, a pyrimidine
group, a pyridazine group, an indazole group, a purine
group, a quinoline group, an isoquinoline group, a benzo-
quinoline group, a phthalazine group, a naphthyridine group,
a quinoxaline group, a quinazoline group, a cinnoline group,
a phenanthridine group, an acridine group, a phenanthroline
group, a phenazine group, a benzimidazole group, an
isobenzothiazole group, a benzoxazole group, an isobenzo-
xazole group, a triazole group, a tetrazole group, an oxadi-
azole group, a triazine group, a thiadiazole group, an imi-
dazopyridine group, an imidazopyrimidine group, or an
azacarbazole group, each unsubstituted or substituted with at
least one of deuterium, —F, —Cl, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amidino group, a
hydrazine group, a hydrazone group, a C,-C,, alkyl group,
a C,-C,, alkoxy group, a phenyl group, a biphenyl group, a
terphenyl group, a naphthyl group, —Si(Q;,)(Q32)(Qs3),

—8(=0),(Qsy), or —P(=0)(Q5,)(Qs,), wherein Qs, to
Q;; may each independently be a C,-C,, alkyl group, a

C,-C,, alkoxy group, a phenyl group, a biphenyl group, a
terphenyl group, or a naphthyl group.
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When xell in Formula 601 is 2 or more, two or more of
Arg,,(s) may be linked to each other via a single bond.

In one or more embodiments, Ar,,, in Formula 601 may
be an anthracene group.

In one or more embodiments, the compound represented
by Formula 601 may be represented by Formula 601-1
below:

Formula 601-1
(Le1D)xes 11— Re11
X|514 ~ Xe1s
Re1i3——(Lo13)xes13 Xs16 (Lé12)xes1z—Re12

In Formula 601-1,

Xe14 may be N or C(Rg,.4), X415 may be N or C(Rg; ),
X416 may be N or C(Ry, ), at least one of X, , to X, ¢
may be N,

L, to Lg ;5 may each independently be the same as
described in connection with L,

xe611 to xe613 may each independently be the same as
described in connection with xel,

Rg; to Ry 5 may each independently be the same as
described in connection with Rg,,, and

Rg14 to Ry, s may each independently be hydrogen, deu-
terium, —F, —Cl, —Br, —I, a hydroxyl group, a cyano
group, a nitro group, an amidino group, a hydrazino
group, a hydrazono group, a C,-C,, alkyl group, a
C,-C,, alkoxy group, a phenyl group, a biphenyl group,
a terphenyl group, or a naphthyl group.

In one or more embodiments, xel and xe611 to xe613 in
Formulae 601 and 601-1 may each independently be 0, 1, or
2.

In one or more embodiments, Rgy; and Ry, to Ry 5 in
Formulae 601 and 601-1 may each independently be a
phenyl group, a biphenyl group, a terphenyl group, a naph-
thyl group, a fluorenyl group, a spiro-bifluorenyl group, a
benzofluorenyl group, a dibenzofluorenyl group, a
phenanthrenyl group, an anthracenyl group, a fluoranthenyl
group, a triphenylenyl group, a pyrenyl group, a chrysenyl
group, a perylenyl group, a pentaphenyl group, a hexacenyl
group, a pentacenyl group, a thiophenyl group, a furanyl
group, a carbazolyl group, an indolyl group, an isoindolyl
group, a benzofuranyl group, a benzothiophenyl group, a
dibenzofuranyl group, a dibenzothiophenyl group, a benzo-
carbazolyl group, a dibenzocarbazolyl group, a dibenzosi-
lolyl group, a pyridinyl group, an imidazolyl group, a
pyrazolyl group, a thiazolyl group, an isothiazolyl group, an
oxazolyl group, an isoxazolyl group, a thiadiazolyl group, an
oxadiazolyl group, a pyrazinyl group, a pyrimidinyl group,
a pyridazinyl group, a triazinyl group, a quinolinyl group, an
isoquinolinyl group, a benzoquinolinyl group, a phthalazinyl
group, a naphthyridinyl group, a quinoxalinyl group, a
quinazolinyl group, a cinnolinyl group, a phenanthridinyl
group, an acridinyl group, a phenanthrolinyl group, a
phenazinyl group, a benzimidazolyl group, an isobenzothi-
azolyl group, a benzoxazolyl group, an isobenzoxazolyl
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group, a triazolyl group, a tetrazolyl group, an imida-
zopyridinyl group, an imidazopyrimidinyl group, or an
azacarbazolyl group, each unsubstituted or substituted with
at least one of deuterium, —F, —Cl, —Br, —I, a hydroxyl
group, a cyano group, a nitro group, an amidino group, a
hydrazine group, a hydrazone group, a C,-C,, alkyl group,
a C,-C,, alkoxy group, a phenyl group, a biphenyl group, a
terphenyl group, a naphthyl group, a fluorenyl group, a
spiro-bifluorenyl group, a benzofluorenyl group, a dibenzo-
fluorenyl group, a phenanthrenyl group, an anthracenyl
group, a fluoranthenyl group, a triphenylenyl group, a pyre-
nyl group, a chrysenyl group, a perylenyl group, a penta-
phenyl group, a hexacenyl group, a pentacenyl group, a
thiophenyl group, a furanyl group, a carbazolyl group, an
indolyl group, an isoindolyl group, a benzofuranyl group, a
benzothiophenyl group, a dibenzofuranyl group, a dibenzo-
thiophenyl group, a benzocarbazolyl group, a dibenzocar-
bazolyl group, a dibenzosilolyl group, a pyridinyl group, an
imidazolyl group, a pyrazolyl group, a thiazolyl group, an
isothiazolyl group, an oxazolyl group, an isoxazolyl group,
a thiadiazolyl group, an oxadiazolyl group, a pyrazinyl
group, a pyrimidinyl group, a pyridazinyl group, a triazinyl
group, a quinolinyl group, an isoquinolinyl group, a benzo-
quinolinyl group, a phthalazinyl group, a naphthyridinyl
group, a quinoxalinyl group, a quinazolinyl group, a cinno-
linyl group, a phenanthridinyl group, an acridinyl group, a
phenanthrolinyl group, a phenazinyl group, a benzimida-
zolyl group, an isobenzothiazolyl group, a benzoxazolyl
group, an isobenzoxazolyl group, a triazolyl group, a tetra-
zolyl group, an imidazopyridinyl group, an imidazopyrim-
idinyl group, or an azacarbazolyl group, or

—S(—0),(Qg01) and —P(—0)(Qs01)(Qs02):
wherein Qg,; and Qy, are the same as described above.

The electron transport region 17 may include at least one
compound that may be Compounds ET1 to ET36, but
embodiments of the present disclosure are not limited
thereto:

ET1
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In an embodiment, the electron transport region 17 may
include at least one compound from 2,9-dimethyl-4,7-diphe-
nyl-1,10-phenanthroline (BCP), 4,7-biphenyl-1,10-
65 phenanthroline (Bphen), Alq3, BAlq, 3-(biphenyl-4-y1)-5-
(4-tert-butylphenyl)-4-phenyl-4H-1,2,4-triazole (TAZ), or

NTAZ.
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Thicknesses of the buffer layer, the hole blocking layer,
and the electron control layer may each independently be in
a range of about 20 A to about 1,000 A, for example, about
30 A to about 300 A. When the thicknesses of the buffer
layer, the hole blocking layer, and the electron control layer
are within these ranges, excellent hole blocking character-
istics or excellent electron control characteristics may be
obtained without a substantial increase in driving voltage.

A thickness of the electron transport layer may be in a
range of about 100 A to about 1,000 A, for example, about
150 A to about 500 A. When the thickness of the electron
transport layer is within the range described above, the
electron transport layer may have satisfactory electron trans-
port characteristics without a substantial increase in driving
voltage.

The electron transport region 17 (for example, the elec-
tron transport layer in the electron transport region) may
further include, in addition to the materials described above,
a metal-containing material.
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The metal-containing material may include at least one of
an alkali metal complex or an alkaline earth-metal complex.
The alkali metal complex may include a metal ion that may
be a Liion, a Naion, a K ion, a Rb ion, or a Cs ion, and the
alkaline earth-metal complex may include a metal ion that is
a Be ion, a Mg ion, a Ca ion, a Sr ion, or a Ba ion. A ligand
coordinated with the metal ion of the alkali metal complex
or the alkaline earth-metal complex may be a hydroxy
quinoline, a hydroxy isoquinoline, a hydroxy benzoquino-
line, a hydroxy acridine, a hydroxy phenanthridine, a
hydroxy phenyloxazole, a hydroxy phenylthiazole, a
hydroxy diphenyloxadiazole, a hydroxy diphenylthiadiaz-
ole, a hydroxy phenylpyridine, a hydroxy phenylbenzimi-
dazole, a hydroxy phenylbenzothiazole, a bipyridine, a
phenanthroline, or a cyclopentadiene, but embodiments of
the present disclosure are not limited thereto.

For example, the metal-containing material may include a
Li complex. The Li complex may include, for example,
Compound ET-D1 (lithium quinolate, LiQ) or ET-D2.

ET-D1

ET-D2

The electron transport region 17 may include an electron
injection layer that facilitates injection of electrons from the
second electrode 19. The electron injection layer may
directly contact the second electrode 19.

The electron injection layer may have i) a single-layered
structure consisting of a single layer consisting of a single
material, 1i) a single-layered structure consisting of a single
layer consisting of a plurality of different materials, or iii) a
multi-layered structure having a plurality of layers consist-
ing of a plurality of different materials.

The electron injection layer may include an alkali metal,
an alkaline earth metal, a rare earth metal, an alkali metal
compound, an alkaline earth-metal compound, a rare earth
metal compound, an alkali metal complex, an alkaline
earth-metal complex, a rare earth metal complex, or any
combination thereof.

The alkali metal may be Li, Na, K, Rb, and Cs. In an
embodiment, the alkali metal may be Li, Na, or Cs. In one
or more embodiments, the alkali metal may be Li or Cs, but
embodiments of the present disclosure are not limited
thereto.

The alkaline earth metal may be Mg, Ca, Sr, or Ba.

The rare earth metal may be Sc, Y, Ce, Tb, Yb, or Gd.

The alkali metal compound, the alkaline earth-metal com-
pound, and the rare earth metal compound may be oxides or
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halides (for example, fluorides, chlorides, bromides, or
iodides) of the alkali metal, the alkaline earth-metal, or the
rare earth metal.

The alkali metal compound may be an alkali metal oxide,
such as Li,0, Cs,O, or K,O, or an alkali metal halide, such
as LiF, NaF, CsF, KF, Lil, Nal, CsI, or KI. In an embodiment,
the alkali metal compound may be LiF, Li,O, NaF, Lil, Nal,
Csl, or KI, but embodiments of the present disclosure are not
limited thereto.

The alkaline earth-metal compound may be an alkaline
earth-metal oxide such as BaO, SrO, CaO, BaSr, O
(0<x<1), or Ba,Ca, O (0<x<l). In an embodiment, the
alkaline earth-metal compound may be BaO, SrO, or CaO,
but embodiments of the present disclosure are not limited
thereto.

The rare earth metal compound may be YbF;, ScFj,
Sc,0;, Sc,0;, Y,0;, Ce, 05, GdF;, or TbF;. In an embodi-
ment, the rare earth metal compound may be YbF;, ScF;,
TbF;, Ybs, Scl;, or Thb,, but embodiments of the present
disclosure are not limited thereto.

The alkali metal complex, the alkaline earth-metal com-
plex, and the rare earth metal complex may include an ion
of an alkali metal, an alkaline earth-metal, and a rare earth
metal as described above, and a ligand coordinated with a
metal ion of the alkali metal complex, the alkaline earth-
metal complex, or the rare earth metal complex may be
selected from hydroxy quinoline, hydroxy isoquinoline,
hydroxy benzoquinoline, hydroxy acridine, hydroxy
phenanthridine, hydroxy phenyloxazole, hydroxy phenylthi-
azole, hydroxy diphenyloxadiazole, hydroxy diphenylthi-
adiazole, hydroxy phenylpyridine, hydroxy phenylbenzimi-
dazole, hydroxy  phenylbenzothiazole,  bipyridine,
phenanthroline, and cyclopentadiene, but embodiments of
the present disclosure are not limited thereto.

The electron injection layer may include, for example
consist essentially of or consist of, an alkali metal, an
alkaline earth metal, a rare earth metal, an alkali metal
compound, an alkaline earth-metal compound, a rare earth
metal compound, an alkali metal complex, an alkaline
earth-metal complex, a rare earth metal complex, or any
combination thereof, as described above. In one or more
embodiments, the electron injection layer may further
include an organic material. When the electron injection
layer further includes an organic material, an alkali metal, an
alkaline earth metal, a rare earth metal, an alkali metal
compound, an alkaline earth-metal compound, a rare earth
metal compound, an alkali metal complex, an alkaline
earth-metal complex, a rare earth metal complex, or any
combination thereof may be homogeneously or non-homo-
geneously dispersed in a matrix include, for example con-
sisting essentially of or consisting of, the organic material.

A thickness of the electron injection layer may be in a
range of about 1 A to about 100 A, for example, about 3 A
to about 90 A. When the thickness of the electron injection
layer is within the range described above, the electron
injection layer may have satisfactory electron injection
characteristics without a substantial increase in driving
voltage.

Second Electrode 19

The second electrode 19 may be located on the organic
layer 10A having such a structure. The second electrode 19
may be a cathode which may be an electron injection
electrode, and in this regard, a material for forming the
second electrode 19 may be a metal, an alloy, an electrically
conductive compound, or a combination thereof, which have
a relatively low work function.
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The second electrode 19 may include at least one of
lithium (Li), silver (Ag), magnesium (Mg), aluminum (Al),
aluminum-lithium (Al—Li), calcium (Ca), magnesium-in-
dium (Mg—In), magnesium-silver (Mg—Ag), indium tin
oxide (ITO), or indium zinc oxide (I1Z0O), but embodiments
of the present disclosure are not limited thereto. The second
electrode 19 may be a transmissive electrode, a semi-
transmissive electrode, or a reflective electrode.

The second electrode 19 may have a single-layered struc-
ture having a single layer or a multi-layered structure
including two or more layers.

Description of FIG. 2

FIG. 2 is a schematic cross-sectional view of an organic
light-emitting device 100 according to another embodiment.

The organic light-emitting device 100 of FIG. 2 includes
a first electrode 110, a second electrode 190 facing the first
electrode 110, and a first emission unit 151 and a second
emission unit 152 that are stacked between the first electrode
110 and the second electrode 190. A charge generating layer
141 is disposed between the first emission unit 151 and the
second emission unit 152, and the charge generating layer
141 includes an n-type charge generating layer 141-N and a
p-type charge generating layer 141-P. The charge generating
layer 141 is a layer that generates charge and supplies the
charge to neighboring emission units, and any known mate-
rial may be used therefor.

The first emission unit 151 includes a first emission layer
151-EM, and the second emission unit 152 includes a second
emission layer 152-EM. The maximum emission wave-
length of light emitted from the first emission unit 151 may
be different from the maximum emission wavelength of light
emitted from the second emission unit 152. For example, the
mixed light of the light emitted from the first emission unit
151 and the light emitted from the second emission unit 152
may be white light, but embodiments of the present disclo-
sure are not limited thereto.

A hole transport region 120 is disposed between the first
emission unit 151 and the first electrode 110, and the second
emission unit 152 may include a first hole transport region
121 located on the side of the first electrode 110.

An electron transport region 170 is disposed between the
second emission unit 152 and the second electrode 190, and
the first emission unit 151 may include a first electron
transport region 171 disposed between the charge generating
layer 141 and the first emission layer 151-EM.

The first emission layer 151-EM may include a first host
and a dopant, the dopant may be an organometallic com-
pound including platinum (Pt), and the organic light-emit-
ting device 100 satisfies a condition of HOMO(D)-HOMO
(Host1)=0.2 eV. Here, HOMO(D) is a HOMO energy level
(eV) of the dopant, HOMO(Host 1) is a HOMO energy level
(eV) of the first host, and HOMO(D) and HOMO(Host 1)
are each measured using a photoelectron spectrometer, for
example a photoelectron spectrometer AC-3, in an ambient
atmosphere.

The first emission layer 152-EM may include a first host
and a dopant, the dopant may be an organometallic com-
pound including platinum (Pt), and the organic light-emit-
ting device 100 satisfies a condition of HOMO(D)-HOMO
(Host1)=0.2 eV may be satisfied. Here, HOMO(D) is a
HOMO energy level (eV) of the dopant, HOMO(Host 1) is
a HOMO energy level (eV) of the first host, and HOMO(D)
and HOMO(Host 1) are each measured using a photoelec-
tron spectrometer, for example photoelectron spectrometer
AC-3, in an ambient atmosphere.

Without being bound by theory, since the organic light-
emitting device 100 satisfies HOMO(Host1)<-5.65 eV, a
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hole injection voltage to the emission layer decreases, and
hole carrier accumulation occurs at an interface of the
emission layer on the first electrode side. Furthermore, since
the organic light-emitting device 10 satisfies HOMO(D)-
HOMO(Host1)=0.2 eV, as a trap depth increases, a dopant
included in the emission layer 15 may act as a trap site with
respect to a hole injected to the emission layer 15. Since a
hole trap easily occurs in the emission layer 15, hole
mobility in the emission layer 15 decreases. Accordingly, the
organic light-emitting device according to an embodiment
decreases hole mobility, thereby suppressing change in
charge balance in the emission layer, resulting in improve-
ment of lifespan.

The first electrode 110, the hole transport region 120, and
the second electrode 190 illustrated in FIG. 2 are respec-
tively the same as described in connection with the first
electrode 11, the hole transport region 13, and the second
electrode 19 illustrated in FIG. 1.

The first emission layer 151-EM and the second emission
layer 152-EM illustrated in FIG. 2 are each the same as
described in connection with the emission layer 15 illus-
trated in FIG. 1.

The electron transport region 170 and the first electron
transport region 171 illustrated in FIG. 2 are each the same
as described in connection with the electron transport region
17 illustrated in FIG. 1.

Hereinbefore, both the first emission unit 151 and the
second emission unit 152 illustrated in FIG. 2 are described
to include, as a dopant, a platinum-containing organometal-
lic compound and satisfy HOMO(D)-HOMO(Host1)=0.2
eV. However, one of the first emission unit 151 and the
second emission unit 152 may be replaced with any known
emission unit, and various modifications thereof.

Description of Terminology

The term “C,-C, alkyl group” as used herein refers to a
linear or branched saturated aliphatic hydrocarbon monova-
lent group having 1 to 60 carbon atoms, and examples
thereof include a methyl group, an ethyl group, a propyl
group, an isobutyl group, a sec-butyl group, a tert-butyl
group, a pentyl group, an isoamyl group, and a hexyl group.
The term “C,-Cg, alkylene group” as used herein refers to a
divalent group having the same structure as the C,-Cg, alkyl
group. Examples thereof include a methylene group, an
ethylene group, a propylene group, an isobutylene group, a
sec-butylene group, a tert-butylene group, a pentylene
group, an isoamylene group, and a hexylene group.

The term “C,-C, alkoxy group” used herein refers to a
monovalent group represented by —OA |, (wherein A, is
the C,-Cq, alkyl group), and examples thereof include a
methoxy group, an ethoxy group, and an isopropyloxy
group.

The term “C,-Cg, alkenyl group” as used herein has a
structure including at least one carbon-carbon double bond
in the middle or at the terminus of the C,-C, alkyl group,
and examples thereof include an ethenyl group, a propenyl
group, and a butenyl group. The term “C,-Cg, alkenylene
group” as used herein refers to a divalent group having the
same structure as the C,-Cg, alkenyl group. Examples
thereof include an ethenylene group, a propenylene group,
and a butenylene group.

The term “C,-Cg, alkynyl group” as used herein has a
structure including at least one carbon-carbon triple bond in
the middle or at the terminus of the C,-Cg, alkyl group, and
examples thereof include an ethynyl group and a propynyl
group. The term “C,-Cg, alkynylene group” as used herein
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refers to a divalent group having the same structure as the
C,-Cq, alkynyl group. Examples thereof include an ethy-
nylene group and a propynylene group.

The term “C;-C, 4 cycloalkyl group™ as used herein refers
to a monovalent saturated hydrocarbon monocyclic group
having 3 to 10 carbon atoms, and examples thereof include
a cyclopropyl group, a cyclobutyl group, a cyclopentyl
group, a cyclohexyl group, and a cycloheptyl group. The
term “C,-C, , cycloalkylene group” as used herein refers to
a divalent group having the same structure as the C;-C,,
cycloalkyl group. Examples thereof include a cyclopropyl-
ene group, a cyclobutylene group, a cyclopentylene group,
and a cyclohexylene group.

The term “C,-C,, heterocycloalkyl group” as used herein
refers to a monovalent monocyclic group having at least one
heteroatom selected from N, O, P, Si, and S as a ring-
forming atom and 1 to 10 carbon atoms, and examples
thereof include a tetrahydrofuranyl group and a tetrahydro-
thiophenyl group. The term “C,-C,, heterocycloalkylene
group” as used herein refers to a divalent group having the
same structure as the C,-C,, heterocycloalkyl group.

The term “C;-C,, cycloalkenyl group” as used herein
refers to a monovalent monocyclic group that has 3 to 10
carbon atoms, at least one carbon-carbon double bond in the
ring thereof, and no aromaticity, and examples thereof
include a cyclopentenyl group, a cyclohexenyl group, and a
cycloheptenyl group. The term “C;-C,, cycloalkenylene
group” as used herein refers to a divalent group having the
same structure as the C5-C,, cycloalkenyl group. Examples
thereof include a cyclopentenylene group, a cyclohex-
enylene group, and a cycloheptenylene group.

The term “C,-C,, heterocycloalkenyl group” as used
herein refers to a monovalent monocyclic group that has at
least one hetero atom selected from N, O, P, Si, and S as a
ring-forming atom, 1 to 10 carbon atoms, and at least one
carbon-carbon double bond in its ring. Examples of the
C,-C,, heterocycloalkenyl group include a 2,3-dihydrofura-
nyl group and a 2,3-dihydrothiophenyl group. The term
“C,-C,, heterocycloalkenylene group” as used herein refers
to a divalent group having the same structure as the C,-C,
heterocycloalkenyl group.

The term “C4-Cq, aryl group” as used herein refers to a
monovalent group having a carbocyclic aromatic system
having 6 to 60 carbon atoms, and the term “C4-Cg, arylene
group” as used herein refers to a divalent group having a
carbocyclic aromatic system having 6 to 60 carbon atoms.
Examples of the C,-C, aryl group include a phenyl group,
a naphthyl group, an anthracenyl group, a phenanthrenyl
group, a pyrenyl group, and a chrysenyl group. Examples of
the C4-Cq, arylene group include a phenylene group, a
naphthylene group, an anthracenyl group, a phenanthrenyl
group, a pyrenyl group, and a chrysenyl group. When the
Cs-Cq, aryl group and the C4-Cy arylene group each include
two or more rings, the rings may be fused to each other.

The term “C,-Cg, arylalkyl group” as used herein refers
to a monovalent alkyl group substituted with an aryl group.

The term “C,-Cq, heteroaryl group” as used herein refers
to a monovalent group having at least one hetero atom
selected from N, O, P, Si, and S as a ring-forming atom and
a cyclic aromatic system having 1 to 60 carbon atoms, and
the term “C,-C, heteroarylene group” as used herein refers
to a divalent group having at least one hetero atom selected
from N, O, P, Si, and S as a ring-forming atom and a
carbocyclic aromatic system having 1 to 60 carbon atoms.
Examples of the C,-C, heteroaryl group include a pyridinyl
group, a pyrimidinyl group, a pyrazinyl group, a pyridazinyl
group, a triazinyl group, a quinolinyl group, and an isoqui-
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nolinyl group. Examples of the C,-C, heteroarylene group
include a pyridinylene group, a pyrimidinylene group, a
pyrazinylene group, a pyridazinylene group, a triazinylene
group, a quinolinylene group, and an isoquinolinylene
group. When the C,-Cg, heteroaryl group and the C,-Cg,
heteroarylene group each include two or more rings, the
rings may be fused to each other.

The term “C4-Cg, aryloxy group” as used herein indicates
—O0A,,, (wherein A, is the C,-Cy, aryl group), and the
term “Cg-Cqy arylthio group” as used herein indicates
—SA, 5 (Wherein A, 5 is the C4-Cg, aryl group).

The term “C,-Cg, heteroaryloxy group” as used herein
indicates —OA |,; (Wherein A, ; is the C4-Cg, heteroaryl
group). The term “C,-C, heteroarylthio group” as used
herein indicates —SA,,, (wherein A, is the C4-Cg, het-
eroaryl group). The term “C,-Cg, heteroarylalkyl group” as
used herein indicates a monovalent alkyl group substituted
with a heteroaryl group.

The term “monovalent non-aromatic condensed polycy-
clic group” as used herein refers to a monovalent group (for
example, having 8 to 60 carbon atoms) having two or more
rings condensed to each other, only carbon atoms as ring-
forming atoms, and non-aromaticity in its entire molecular
structure. Examples of the monovalent non-aromatic con-
densed polycyclic group include a fluorenyl group. The term
“divalent non-aromatic condensed polycyclic group” as
used herein refers to a divalent group having the same
structure as the monovalent non-aromatic condensed poly-
cyclic group.

The term “monovalent non-aromatic condensed heteropo-
lycyclic group” as used herein refers to a monovalent group
(for example, having 1 to 60 carbon atoms) having two or
more rings condensed to each other, a heteroatom selected
from N, O, P, Si, and S, other than carbon atoms, as a
ring-forming atom, and non-aromaticity in its entire molecu-
lar structure. The monovalent non-aromatic condensed het-
eropolycyclic group includes a carbazolyl group. The term
“divalent non-aromatic condensed heteropolycyclic group”
as used herein refers to a divalent group having the same
structure as the monovalent non-aromatic condensed het-
eropolycyclic group.

The term “C,-Cg, carbocyclic group” as used herein
refers to a saturated or unsaturated cyclic group having, as
a ring-forming atom, 5 to 60 carbon atoms only. The C5-Cg,
carbocyclic group may be a monocyclic group or a polycy-
clic group.

The term “C,-Cq, heterocyclic group” as used herein
refers to a saturated or unsaturated cyclic group having, as
a ring-forming atom, at least one heteroatom selected from
N, O, P, Si, and S other than 1 to 60 carbon atoms. The
C,-Cg, heterocyclic group may be a monocyclic group or a
polycyclic group.

At least one substituent of the substituted C5-Cg, carbo-
cyclic group, the substituted C,-C, heterocyclic group, the
substituted C,-Cq, alkyl group, the substituted C,-Cg, alk-
enyl group, the substituted C,-C, alkynyl group, the sub-
stituted C, -C, alkoxy group, the substituted C5-C, , cycloal-
kyl group, the substituted C,-C,,, heterocycloalkyl group,
the substituted C5-C,,, cycloalkenyl group, the substituted
C,-C,, heterocycloalkenyl group, the substituted C,-Cg,
aryl group, the substituted C,-C,, aryloxy group, the sub-
stituted C4-Cg, arylthio group, the substituted C,-Cg,, het-
eroaryl group, the substituted monovalent non-aromatic
condensed polycyclic group, and the substituted monovalent
non-aromatic condensed heteropolycyclic group may be:

deuterium, —F, —Cl, —Br, —I, —CD;, —CD,H,

—CDH,, —CF,, —CF,H, —CFH,, a hydroxyl group,
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a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine group, a hydrazone group,
a carboxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,-C, alkyl group, a C,-C, alkenyl group,
a C,-Cq, alkynyl group, or a C,-Cg, alkoxy group;

a C,-Cq, alkyl group, a C,-C, alkenyl group, a C,-Cg,
alkynyl group, or a C,-Cq, alkoxy group, each substi-
tuted with at least one of deuterium, —F, —Cl, —Br,
—I, —CD,;, —CD,H, —CDH,, —CF;, —CF,H,
—CFH,, a hydroxyl group, a cyano group, a nitro
group, an amino group, an amidino group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a
salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C;-C,,
cycloalkyl group, a C,-C,, heterocycloalkyl group, a
C;-C,, cycloalkenyl group, a C,-C,, heterocycloalk-
enyl group, a C4-Cqy aryl group, a C4-Cgy, aryloxy
group, a Cg-Cq, arylthio group, a C,-Cg, heteroaryl
group, a monovalent non-aromatic condensed polycy-
clic group, a monovalent non-aromatic condensed het-

eropolycyclic group, —N(Q,;)(Q;,), —Si(Q15)(Q14)
(Qys): —BQ16)Qy7), or —P(=0)(Q,5)(Q10);

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C, hetero-
cycloalkenyl group, a C4-Cq aryl group, a Cg-Cgp
aryloxy group, a C4-Cg, arylthio group, a C,-Cg, het-
eroaryl group, a monovalent non-aromatic condensed
polycyclic group, or a monovalent non-aromatic con-
densed heteropolycyclic group;

a C;-C,, cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C, hetero-
cycloalkenyl group, a C4-Cg, aryl group, a C4-Co
aryloxy group, a C4-Cg, arylthio group, a C,-Cg, het-
eroaryl group, a monovalent non-aromatic condensed
polycyclic group, or a monovalent non-aromatic con-
densed heteropolycyclic group, each substituted with at
least one of deuterium, —F, —Cl, —Br, —I, —CD;,
—CD,H, —CDH,, —CF,, —CF,H, —CFH,, a
hydroxyl group, a cyano group, a nitro group, an
amidino group, a hydrazine group, a hydrazone group,
a carboxylic acid group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,-C, alkyl group, a C,-C, alkenyl group,
a C,-Cg, alkynyl group, a C,-Cg, alkoxy group, a
C;-C,o cycloalkyl group, a C,-C,, heterocycloalkyl
group, a C;-C,, cycloalkenyl group, a C,-C,, hetero-
cycloalkenyl group, a C4-Cq aryl group, a Cg-Cgp
aryloxy group, a C,-Cg, arylthio group, a C,-C, het-
eroaryl group, a monovalent non-aromatic condensed
polycyclic group, a monovalent non-aromatic con-
densed heteropolycyclic group, —N(Q,)(Q,,), —Si

(Q23)(Q24)(Q25), —B(Q26)(Qx7), or —P(E=0)(Qys)

(Qso); or
—Si(Q33)(Q54)(Qas), —B(Q36)Q57).

—N(Q:)Qs2),
and —P(—0)(Q;3)(Qs,), and

wherein Q, t0 Qo, Qy; 10 Q5. Q5 10 Q5. and Q3 10 Q59
may each independently be hydrogen, deuterium, —F,
—Cl, —Br, —I, a hydroxyl group, a cyano group, a
nitro group, an amidino group, a hydrazine group, a
hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C,-C, alkyl
group, a C,-C,, alkyl group substituted with at least
one of deuterium, a C,-C,, alkyl group, or a C4-Cg,
aryl group; a C,-Cg, alkenyl group, a C,-Cg, alkynyl
group, a C,-Cg, alkoxy group, a C;-C,, cycloalkyl
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group, a C,-C,, heterocycloalkyl group, a C;-C,,
cycloalkenyl group, a C,-C,, heterocycloalkenyl
group, a C4-Cq, aryl group, a C4-Cy, aryl group sub-
stituted with at least one of deuterium, a C,-Cg4, alkyl
group, or a C4-C, aryl group; a Cy-C, aryloxy group,
a C4-Cgq arylthio group, a C,-Cg, heteroaryl group, a
C,-Cg, alkyl heteroaryl group, a monovalent non-aro-
matic condensed polycyclic group, or a monovalent
non-aromatic condensed heteropolycyclic group.

The terms “a biphenyl group, a terphenyl group, and a
tetraphenyl group” used herein respectively refer to mon-
ovalent groups in which two, three, or four phenyl groups
which are linked together via a single bond.

The terms “a cyano-containing phenyl group, a cyano-
containing biphenyl group, a cyano-containing terphenyl
group, and a cyano-containing tetraphenyl group” used
herein respectively refer to a phenyl group, a biphenyl
group, a terphenyl group, and a tetraphenyl group, each of
which is substituted with at least one cyano group. In “a
cyano-containing phenyl group, a cyano-containing biphe-
nyl group, a cyano-containing terphenyl group, and a cyano-
containing tetraphenyl group”, a cyano group may be sub-
stituted to any position of the corresponding group, and the
“cyano-containing phenyl group, the cyano-containing
biphenyl group, the cyano-containing terphenyl group, and
the cyano-containing tetraphenyl group” may further
include substituents other than a cyano group. For example,
“a cyano-containing phenyl group” may refer to both a
phenyl group substituted with a cyano group and a phenyl
group substituted with a cyano group and a methyl group.

Hereinafter, compounds and organic light-emitting
devices according to exemplary embodiments are described
in additional detail with reference to Synthesis Examples
and Examples, but embodiments of the present disclosure
are not limited thereto.

EXAMPLES

The wording “B was used instead of A” used in describing
Synthesis Examples means that an amount of A used was
identical to an amount of B used, in terms of a molar
equivalent.

Synthesis Example 1

Br
N
=N

OH

3-583A
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-continued

0
/
B\

O

CD;

CD;

3-583

(1) Synthesis of Ligand 3-583C

2.2 grams (g) (0.005 millimoles (mmol), 1.2 equivalents
(equiv.)) of Intermediate 3-583B, 2.4 g (0.004 mol, 1 equiv.)
of Intermediate 3-583A (2-(4-bromo-1-(5-(tert-butyl)-[1,1'-
biphenyl]-2-yl)-1H-benzo[d]|imidazol-2-yl)-4,6-di-tert-
butylphenol), 1.2 g (0.001 mmol, 0.07 equiv.) of tetrakis
(triphenylphosphine)palladium(0), and 2.0 g (0.015 mmol,
3.7 equiv.) of potassium carbonate were dissolved in 80 mL
of a solvent in which tetrahydrofuran (THF) and distilled
water (H,0) were mixed at a ratio of 3:1, and then heated at
reflux for 12 hours. The obtained result was cooled to room
temperature, and then, the precipitate was removed there-
from to obtain a filtrate. The filtrate was washed with an
ethyl acetate/water (EA/H,O) solution, and column chro-
matography (eluent: EA/hexanes (Hex) ratio increased from
20% to 35%) was performed thereon to complete the pro-
duction of 2.2 g (yield of 68%) of Ligand 3-583C. Ligand
3-583C was confirmed by mass chromatography and high
performance liquid chromatography (HPLC) analysis.

High resolution mass spectrometry-matrix assisted laser
desorption ionization (HRMS(MALDI)): caled. for
C5oHgoD;N;O: m/z 832.5159, Found: 832.5161.
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(2) Synthesis of Compound 3-583

2.2 g (2.26 mmol) of Ligand 3-583C and 1.1 g (2.26
mmol, 1.0 equiv.) of K,PtCl, were dissolved in a solvent (80
mL) in which 60 mL of acetic acid (AcOH) and 20 mL of
H,O were mixed, and then refluxed for 16 hours. The
obtained result was cooled to room temperature, and a
precipitate was filtered therefrom. The precipitate was dis-
solved again in methylene chloride (MC), and then washed
with H,O. Then, column chromatography (eluent: MC 40%,
ethyl acetate (EA) 1%, and Hex 59%) was performed
thereon to obtain 1.0 g (purity of 99% or more, actual yield
of 68%) of Compound 3-583. Compound 3-583 was con-
firmed by mass chromatography and HPL.C analysis.

HRMS(MALDI): caled. for CsoHs3D;N,OPt:
1025.4651, Found: 1025.4653.

m/z

Evaluation Example 1: Evaluation of HOMO
Energy Level

HOMO energy levels of the following Compounds were
measured using a photoelectron spectrometer AC-3 (manu-
factured by RIKEN KEIKI Co., Ltd.) in an ambient atmo-
sphere, and results thereof are shown in Table 1.

TABLE 1

Compound HOMO energy level (eV)

H-HT2

10

30

35

40

45

50

55

60

65

260
TABLE 1-continued

Compound HOMO energy level (eV)

cD,

3-583

Evaluation Example 2: Evaluation of Current
Density of Hole Only Device (HOD) and Electron
Only Device (EOD)

Manufacture of Comparative Device HOD-1

An ITO glass substrate was cut to a size of 50 mmx50
mmx0.5 mm, sonicated separately in acetone, isopropyl
alcohol, and deionized water, each for 15 minutes, and then,
cleaned by exposure to Ultraviolet (UV) light and ozone for
30 minutes.

Subsequently, F6-TCNNQ was deposited on an ITO elec-
trode (anode) on the glass substrate to form a hole injection
layer having a thickness of 100 A, and HT1 was deposited
on the hole injection layer to form a hole transport layer
having a thickness of 1,000 A, thereby completing the
formation of a hole transport region.

Subsequently, H-HT1 as a hole transport host and H-ET1
as an electron transport host (wherein a weight ratio of the
hole transport host to the electron transport host is 5:5) as
hosts and Compound 3-583 as a dopant were co-deposited
(wherein a weight ratio of the hosts to the dopant is 10:1) on
the hole transport layer to form an emission layer having a
thickness of 500 A.

Subsequently, Al was vacuum-deposited on the emission
layer to form a second electrode (cathode) having a thick-
ness of 1,200 A, thereby completing the manufacture of an
HOD-1 having a structure of ITO/F6-TCNNQ (100 A)/HT1
(1,000 A)/(H-HT1+H-ET1):3-583 (10 wt %) (500 A)/Al
(1,200 A).
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Manufacture of Device HOD-2

An HOD-2 was manufactured in the same manner as the
manufacture of the HOD-1, except that H-HT2 was used
instead of H-HT1 in forming an emission layer.

Manufacture of Comparative Device EOD-1

An ITO glass substrate was cut to a size of 50 mmx50
mmx0.5 mm, sonicated separately in acetone, isopropyl
alcohol, and pure water, each for 15 minutes, and then,
cleaned by exposure to UV light and ozone for 30 minutes.

Subsequently, Compound ET1 and Liq were co-deposited
at a weight ratio of 5:5 on an ITO electrode (anode) on the
glass substrate to form an electron transport layer having a
thickness of 500 A, H-HT1 as a hole transport host and
H-ET1 as an electron transport host (wherein a weight ratio
of a hole transport host to an electron transport host is 5:5)
as hosts and Compound 3-583 as a dopant were co-deposited
(wherein a weight ratio of the hosts to the dopant is 10:1)
thereon to form an emission layer having a thickness of 500
A, and then Compound ET1 and Liq were co-deposited at a
weight ratio of 5:5 to form an electron transport layer having
a thickness of 500 A.

Subsequently, Al was vacuum-deposited on the emission
layer to form a second electrode (cathode) having a thick-
ness of 1,200 A, thereby completing the manufacture of an
EOD-1 having a structure of ITO/ET1:Liq (500 A)/(H-
HT1+H-ET1):3-583 (10 wt %) (500 AYET1:Liq (500 A)/Al
(1,200 A).
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o,
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Liq

ET1

Manufacture of Device EOD-2

An EOD-2 was manufactured in the same manner as the
manufacture of the EOD-1, except that H-HT2 was used
instead of H-HT1 in forming an emission layer.

With respect to each of the manufactured HOD-1, HOD-
2, EOD-1, and EOD-2, a value of current that flows through
each device while increasing a voltage was measured using
a current-voltage meter (Keithley 2400). Then, current den-
sity obtained by dividing the measured value of current by
an emission area was calculated and results thereof are
shown in FIGS. 3 and 4.

FIG. 3 shows a current density versus voltage (J-V) curve
of the HOD-1 and the HOD-2. As shown in FIG. 3, in the
case of the HOD-2 in which satisfies HOMO(D)-HOMO
(Host 1)=0.2 eV, current density significantly decreases,
compared to the HOD-1 that does not satisfy the energy
relationship.

FIG. 4 shows a current density versus voltage (J-V) curve
of the EOD-1 and EOD-2. As shown in FIG. 4, in the case
of the EOD-2 in which satisfies HOMO(D)-HOMO(Host
1)=0.2 eV, current density slightly decreases, compared to
the EOD-1 that does not satisfy the energy relationship.

Meanwhile, it is confirmed that when current density
reduction rates of HOD-2 and EOD-2 are compared in a
voltage range of 0 V to 6 V in the J-V curves of FIGS. 3 and
4, the current density reduction rate in the HOD is greater
than the current density reduction rate in the EOD.

Evaluation Example of Device
Comparative Example 1
An ITO glass substrate was cut to a size of 50 mmx50
mmx0.5 mm, sonicated separately in acetone, isopropyl

alcohol, and pure water, each for 15 minutes, and then,
cleaned by exposure to UV light and ozone for 30 minutes.
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Subsequently, F6-TCNNQ was deposited on an ITO elec-
trode (anode) on the glass substrate to form a hole injection
layer having a thickness of 100 A, and HT1 was deposited
on the hole injection layer to form a hole transport layer
having a thickness of 1,200 A, thereby completing the
formation of a hole transport region.

Subsequently, H-HT1 as a hole transport host and H-ET1
as an electron transport host (wherein a weight ratio of the
hole transport host to the electron transport host is 5:5) as
hosts and Compound 3-583 as a dopant were co-deposited
(wherein a weight ratio of the hosts to the dopant is 10:1) on
the hole transport layer to form an emission layer having a
thickness of 500 A.

Subsequently, Compound ET1 and Liq were co-deposited
at a weight ratio of 5:5 on the emission layer to form an
electron transport layer having a thickness of 500 A, LiF was
deposited on the electron transport layer to form an electron
injection layer having a thickness of 10 A, and then Al was
vacuum-deposited on the electron injection layer to form a
second electrode (cathode) having a thickness of 1,200 A,
thereby completing the manufacture of an organic light-
emitting device having a structure of ITO/F6-TCNNQ (100

5

10

15

20

AYHTI (1,200 A)/(H-HT1+H-ET1):3-583 (10 wt %) (500 ,

A)ET1:Liq (50 wt %) (500 AYLiF (10 A)/Al (1,200 A).
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-continued
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Comparative Example 2

An organic light-emitting device was manufactured in the
same manner as in Comparative Example 1, except that, in
forming an emission layer, H-HT2 was used instead of
H-HT1, and Ir(ppy); was used instead of Compound 3-583.

Example 1

An organic light-emitting device was manufactured in the
same manner as in Comparative Example 1, except that
H-HT2 was used instead of H-HT1 in forming an emission
layer.

With respect to each of the organic light-emitting devices
manufactured according to Comparative Examples 1 and 2
and Example 1, a current density according to a voltage was
measured, and the J-V curve is shown in FIG. 5.

With respect to each of the organic light-emitting devices
manufactured according to Comparative Example 1 and
example 1, external quantum efficiency (EQE) according to
a current density and lifespan were evaluated. Then, an
EQE-current density graph is shown in FIG. 6, and a lifespan
graph is shown in FIG. 7. As evaluation apparatuses, a
current-voltage meter (Keithley 2400) and a luminance
meter (Minolta Cs-1000A) were used. Lifespan (T,s) refers
to a time that is taken for the luminance to become 95%
compared to the initial luminance of 100%.

As shown in FIG. 5, in the case of the organic light-
emitting device manufactured according to Example 1,
current density decreases when the same voltage is applied,
compared to the organic light-emitting devices manufac-
tured according to Comparative Examples 1 and 2. How-
ever, referring to FIG. 6, the organic light-emitting device
manufactured according to Example 1 and the organic
light-emitting device manufactured according to Compara-
tive Example 1 have substantially no difference in external
quantum efficiency under the same current density.
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As shown in FIG. 7, when each of the organic light-
emitting devices was driven with the same initial luminance
of 6,000 candela per square meter (cd/m?), lifespan Ty of
the device manufactured according to Example 1 was sig-
nificantly improved compared to that of the device manu-
factured according to Comparative Example 1. That is, it is
confirmed that the organic light-emitting device manufac-
tured according to Example 1 has improved lifespan com-
pared to the organic light-emitting device manufactured
according to Comparative Example 1.

FIG. 8 shows a capacitance-voltage (C-V) graph of the
organic light-emitting devices manufactured according to
Comparative Example 1 and Example 1. C-V measurement
was measured at 100 Hz A/C current using an impedance/
gain-phase analyzer (HP 4194A). As shown in FIG. 8, in the
case of the organic light-emitting device manufactured
according to Example 1 that satisfies HOMO(D)-HOMO
(Host1)=0.2 eV, an onset voltage which is a driving voltage
at which charge starts to be injected decreases compared to
the organic light-emitting device manufactured according to
Comparative Example 1. That is, compared to the organic
light-emitting device manufactured according to Compara-
tive Example 1, in the organic light-emitting device manu-
factured according to Example 1, a hole injection voltage
decreases, resulting in hole carrier accumulation at an inter-
face of the emission layer on the first electrode side.

With respect to each of the organic light-emitting devices
manufactured according to Comparative Example 2 and
Example 1, external quantum efficiency (EQE) according to
luminance and light-emission lifespan were evaluated.
Then, an EQE-luminance graph is shown in FIG. 9, and a
lifespan graph is shown in FIG. 10.

As shown in FIG. 9, in the case of the organic light-
emitting device manufactured according to Comparative
Example 2, in a range of 1,000 cd/m* or greater, efficiency
significantly decreases as luminance increases, whereas, in
the case of the organic light-emitting device manufactured
according to Example 1, in a range of 1,000 cd/m*> or greater,
change in efficiency is relatively small.

As shown in FIG. 10, the organic light-emitting device
manufactured according to Example 1 has improved lifespan
Tg5 compared to the organic light-emitting device manufac-
tured according to Comparative Example 2 in which an
iridium-based dopant was used.

According to an aspect, the organic light-emitting device
has long lifespan.

It should be understood that the exemplary embodiments
described herein should be considered in a descriptive sense
only and not for purposes of limitation. Descriptions of
features or aspects within each exemplary embodiment
should typically be considered as available for other similar
features or aspects in other embodiments. While one or more
exemplary embodiments have been described with reference
to the drawings, it will be understood by those of ordinary
skill in the art that various changes in form and details may
be made therein without departing from the spirit and scope
as defined by the following claims.

What is claimed is:

1. An organic light-emitting device comprising:

a first electrode; a second electrode facing the first elec-
trode; and an organic layer disposed between the first
electrode and the second electrode,

wherein the organic layer comprises an emission layer,

the emission layer comprises a first host and a dopant,

the dopant is an organometallic compound including
platinum,
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the organic light-emitting device satisfies a condition of:
HOMO(D)-HOMO(Host 1)=0.2 electron volts,
HOMO(D) is a highest occupied molecular orbital
(HOMO) energy level of the dopant in electron volts,

HOMO(Host 1) is a HOMO energy level of the first host

in electron volts, and

HOMO(D) and HOMO(Host 1) are each measured using

a photoelectron spectrometer in an ambient atmo-
sphere,

wherein the emission layer further comprises a second

host,

the first host is a hole transport host,

the second host is an electron transport host comprising an

electron transport moiety, and

the electron transport moiety in the second host is a

m-electron-deficient nitrogen-containing cyclic group.

2. The organic light-emitting device of claim 1, wherein
the organic light-emitting device satisfies a condition of
HOMO(D)-HOMO(Host 1)=0.22 electron volts.

3. The organic light-emitting device of claim 1, wherein
the organic light-emitting device satisfies a condition of
HOMO(Host1)=-5.65 electron volts.

4. The organic light-emitting device of claim 1, wherein
the organic light-emitting device satisfies a condition of
HOMO(Host1)-HOMO(Host2)=0,

HOMO(Host 2) is a HOMO energy level of the second

host in electron volts, and

HOMO(Host 2) is measured using a photoelectron spec-

trometer in an ambient atmosphere.

5. The organic light-emitting device of claim 4, wherein
the electron transport moiety in the second host is a group
represented by one of Formulae 3-1 to 3-3:

3-1
Rap

NIA\N
)\ )\
Rs12 X Rai3

311
3-2
Rsys

N
|

a

N

Rsi6 R318
X312
Ra17
33
Razo

N
|

a

N

R
321 X313

[

Raa3 Ran

wherein, in Formulae 2-1 to 2-3,
X311 18 N oor C(R;14),

X512 18 O, S, or N(R;,5),

X515 18 O, S, or N(R;,.,),
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R;,; to R;,, are each independently a binding site to a
neighboring atom, hydrogen, deuterium, —F —Cl,
—Br, —I, a hydroxyl group, a cyano group, a nitro
group, an amidino group, a hydrazine group, a hydra-
zone group, a carboxylic acid group or a salt thereof, a
sulfonic acid group or a salt thereof, a phosphoric acid
group or a salt thereof, a substituted or unsubstituted
C,-C4, alkyl group, a substituted or unsubstituted
C,-Cg, alkenyl group, a substituted or unsubstituted
C,-Cq, alkynyl group, a substituted or unsubstituted
C,-Cq, alkoxy group, a substituted or unsubstituted
C;-C,, cycloalkyl group, a substituted or unsubstituted
C,-C,, heterocycloalkyl group, a substituted or unsub-
stituted C;-C,, cycloalkenyl group, a substituted or
unsubstituted C,-C,, heterocycloalkenyl group, a sub-
stituted or unsubstituted C4-Cg, aryl group, a substi-
tuted or unsubstituted C4-C, aryloxy group, a substi-
tuted or unsubstituted C,-Cg, arylthio group, a
substituted or unsubstituted C,-C, arylalkyl group, a
substituted or unsubstituted C,-C, heteroaryl group, a
substituted or unsubstituted C,-Cy, heteroaryloxy
group, a substituted or unsubstituted C, -C, heteroaryl-
thio group, a substituted or unsubstituted C,-C,, het-
eroarylalkyl group, a substituted or unsubstituted mon-
ovalent non-aromatic condensed polycyclic group, a
substituted or unsubstituted monovalent non-aromatic
condensed heteropolycyclic group, —Si(Q,)(Q,)(Q;),
—N(Q)Qo). —B(Q)Q>). —C(=0)Qy).
—S8(=0), @Q,), or —P(=0)(Q,)(Q>).

Q) to Q5 may each independently be hydrogen, deuterium,
—F, —Cl, —Br, —1I, a hydroxyl group, a cyano group,
a nitro group, an amidino group, a hydrazine group, a
hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C,-Cq, alkyl
group, a C,-Cg, alkyl group substituted with at least
one of deuterium, a C,-Cg, alkyl group, and a C4-Cg,
aryl group, a C,-C, alkenyl group, a C,-Cg, alkynyl
group, a C,-C,, alkoxy group, a C;-C,, cycloalkyl
group, a C,-C,, heterocycloalkyl group, a C;-C,,
cycloalkenyl group, a C,-C,, heterocycloalkenyl
group, a C4-Cq, aryl group, a C4-Cy, aryl group sub-
stituted with at least one of deuterium, a C,-Cg4, alkyl
group, and a C4-Cg, aryl group, a C4-Cq4, aryloxy
group, a C4-Cg, arylthio group, a substituted or unsub-
stituted C,-Cq, arylalkyl group, a C,-C, heteroaryl
group, a substituted or unsubstituted C,-C, heteroary-
loxy group, a substituted or unsubstituted C,-C, het-
eroarylthio group, a substituted or unsubstituted C,-Cg,
heteroarylalkyl group, a monovalent non-aromatic con-
densed polycyclic group, or a monovalent non-aro-
matic condensed heteropolycyclic group,

at least one of R;,, to R;,; is a binding site to a neigh-
boring atom,

at least one of R;, 5 to R;,; is a binding site to a neigh-
boring atom, and

at least one of R;,, to R5,5 is a binding site to a neigh-
boring atom.

6. The organic light-emitting device of claim 1, wherein
the first host is a carbazole-containing compound that does
not comprise an electron transport moiety.

7. The organic light-emitting device of claim 1, wherein
the first host is a carbazole-containing compound compris-
ing an electron transport moiety, and

the electron transport moiety is a m electron-deficient
nitrogen-containing cyclic group.
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8. The organic light-emitting device of claim 1, wherein
the first host is a carbazole-containing compound repre-
sented by Formula 4:

Formula 4

(Laoaso1— (Rao1)p401

Lao2)ator—
Rao)pio (La02) 2402 §R402)b40
(R403)p403

T (Raos)p406

wherein, in Formula 4,

L,y to L., are each independently a substituted or
unsubstituted C,-C, carbocyclic group or a substituted
or unsubstituted C,-Cg, heterocyclic group,

a401 to a402 are each independently an integer from O to
55

R,o; and R,,, are each independently a substituted or
unsubstituted C5-C,, cycloalkyl group, a substituted or
unsubstituted C,-C, , heterocycloalkyl group, a substi-
tuted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C, , heterocycloalkenyl
group, a substituted or unsubstituted C;-Cg,, aryl group,
a substituted or unsubstituted C,-C, heteroaryl group,
a substituted or unsubstituted monovalent non-aromatic
condensed polycyclic group, or a substituted or unsub-
stituted monovalent non-aromatic condensed heteropo-
lycyclic group,

R,q5 to R,y are each independently selected from hydro-
gen, deuterium, —F —Cl, —Br, —I, a hydroxyl group,
a cyano group, a nitro group, an amidino group, a
hydrazine group, a hydrazone group, a carboxylic acid
group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a
substituted or unsubstituted C,-Cg, alkyl group, a sub-
stituted or unsubstituted C,-C, alkenyl group, a sub-
stituted or unsubstituted C,-Cg, alkynyl group, a sub-
stituted or unsubstituted C,-C,, alkoxy group, a
substituted or unsubstituted C;-C, , cycloalkyl group, a
substituted or unsubstituted C,-C,, heterocycloalkyl
group, a substituted or unsubstituted C;-C,,, cycloalk-
enyl group, a substituted or unsubstituted C,-C,, het-
erocycloalkenyl group, a substituted or unsubstituted
Cs-Cqo aryl group, a substituted or unsubstituted
Cy-Cqo aryloxy group, a substituted or unsubstituted
Cs-Cg, arylthio group, a substituted or unsubstituted
C,-Cq, arylalkyl group, a substituted or unsubstituted
C,-Cg, heteroaryl group, a substituted or unsubstituted
C,-Cg, heteroaryloxy group, a substituted or unsubsti-
tuted C,-C,, heteroarylthio group, a substituted or
unsubstituted C,-Cg4, heteroarylalkyl group, a substi-
tuted or unsubstituted monovalent non-aromatic con-
densed polycyclic group, a substituted or unsubstituted
monovalent non-aromatic condensed heteropolycyclic
group, —Si(Q1)(Q)(Q3), —N(Q)(Q), —B(Q)(Qy).
—C(=0)Q1), —8=0)(Q)), or —P(=0)(Q1)(Q2),
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Q) to Q5 may each independently be hydrogen, deuterium,

—F, —Cl, —Br, —1I, a hydroxyl group, a cyano group,
a nitro group, an amidino group, a hydrazine group, a
hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a

phosphoric acid group or a salt thereof, a C,-Cq, alkyl
group, a C,-Cg, alkyl group substituted with at least
one of deuterium, a C,-C, alkyl group, and a C4;-Cg,
aryl group, a C,-C, alkenyl group, a C,-Cg, alkynyl
group, a C,-C,, alkoxy group, a C;-C,, cycloalkyl
group, a C,-C,, heterocycloalkyl group, a C;-C,,
cycloalkenyl group, a C,-C,, heterocycloalkenyl
group, a C4-Cq, aryl group, a C4-Cy, aryl group sub-
stituted with at least one of deuterium, a C,-Cg4, alkyl
group, and a C4-Cq, aryl group, a C4-Cy, aryloxy
group, a C4-Cg, arylthio group, a substituted or unsub-
stituted C,-Cq, arylalkyl group, a C,-C, heteroaryl
group, a substituted or unsubstituted C,-C, heteroary-
loxy group, a substituted or unsubstituted C,-Cg, het-
eroarylthio group, a substituted or unsubstituted C,-Cy,,
heteroarylalkyl group, a monovalent non-aromatic con-
densed polycyclic group, or a monovalent non-aro-
matic condensed heteropolycyclic group,

b401 and b402 are each independently an integer from 1

to 5,

b403 and b406 are each independently an integer from 1

to 4, and

b404 and b405 are each independently an integer from 1

to 3.

9. The organic light-emitting device of claim 8, wherein
Laors Lagas Rugy, and Ry, do not comprise an electron
transport moiety.

10. The organic light-emitting device of claim 9, wherein
at least one of L,,;, L, Ryo;, and R,,, comprises an
electron transport moiety, and

the electron transport moiety is represented by one of

Formulae 3-1 to 3-3:
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wherein, in Formulae 3-1 to 3-3,
X311 is Noor C(Ry,4),
X312 38 O, S, or N(R;,),
X313 18 O, S, or N(Rs,4),
R;,; to R;,, are each independently selected from a

binding site to a neighboring atom, hydrogen, deute-
rium, —F —Cl1, —Br, —1I, a hydroxyl group, a cyano
group, a nitro group, an amidino group, a hydrazine
group, a hydrazone group, a carboxylic acid group or a
salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a substituted or
unsubstituted C,-Cg4, alkyl group, a substituted or
unsubstituted C,-Cg, alkenyl group, a substituted or
unsubstituted C,-C, alkynyl group, a substituted or
unsubstituted C,-C,, alkoxy group, a substituted or
unsubstituted C5-C,, cycloalkyl group, a substituted or
unsubstituted C,-C, , heterocycloalkyl group, a substi-
tuted or unsubstituted C;-C,, cycloalkenyl group, a
substituted or unsubstituted C,-C, , heterocycloalkenyl
group, a substituted or unsubstituted C;-Cg,, aryl group,
a substituted or unsubstituted C4-Cy, aryloxy group, a
substituted or unsubstituted C4-Cy,, arylthio group, a
substituted or unsubstituted C,-Cg, arylalkyl group, a
substituted or unsubstituted C,-C,, heteroaryl group, a
substituted or unsubstituted C,-C,, heteroaryloxy
group, a substituted or unsubstituted C, -C,,, heteroaryl-
thio group, a substituted or unsubstituted C,-C,, het-
eroarylalkyl group, a substituted or unsubstituted mon-
ovalent non-aromatic condensed polycyclic group, a
substituted or unsubstituted monovalent non-aromatic
condensed heteropolycyclic group, —Si(Q,)(Q,)(Q;),

7N(Q1)(Q2)s 7B(Q1)(Q2)s 4C(:O)(Q1)s
—S(=0), (Qy), or —P(=0)(Q;)(Q>),

Q, to Q, may each independently be hydrogen, deuterium,

—F, —Cl, —Br, —I, a hydroxyl group, a cyano group,
a nitro group, an amidino group, a hydrazine group, a
hydrazone group, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C,-Cq, alkyl
group, a C,-C, alkyl group substituted with at least
one of deuterium, a C,-Cg, alkyl group, and a C4-Cg,
aryl group, a C,-C, alkenyl group, a C,-Cg, alkynyl
group, a C,-Cgoalkoxy group, a C;-C,, cycloalkyl
group, a C,-C,, heterocycloalkyl group, a C;-C,,
cycloalkenyl group, a C,-C,, heterocycloalkenyl
group, a Cg-Cqyy aryl group, a C4-Cy, aryl group sub-
stituted with at least one of deuterium, a C,-C,, alkyl
group, and a C4-Cg, aryl group, a Cy4-Cq4, aryloxy
group, a C4-Cg, arylthio group, a substituted or unsub-
stituted C,-Cg, arylalkyl group, a C,-Cg, heteroaryl
group, a substituted or unsubstituted C,-C, heteroary-
loxy group, a substituted or unsubstituted C,-Cg, het-
eroarylthio group, a substituted or unsubstituted C,-Cg,
heteroarylalkyl group, a monovalent non-aromatic con-
densed polycyclic group, or a monovalent non-aro-
matic condensed heteropolycyclic group

at least one of R;;; to R;,; is a binding site to a neigh-

boring atom,

at least one of R;, 5 to R;,4 is a binding site to a neigh-

boring atom, and

at least one of R;,, to R;,; is a binding site to a neigh-

boring atom.

11. The organic light-emitting device of claim 1, wherein
the dopant is an organometallic compound comprising plati-
num and an organic ligand, and
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the platinum and the organic ligand form one cyclometa-
lated ring, two cyclometalated rings, or three cyclom-
etalated rings.

12. The organic light-emitting device of claim 1, wherein
the dopant is an organometallic compound comprising plati-
num and an organic ligand, and

the organic ligand is a tetradentate ligand coordinated to

the platinum, wherein the platinum and the organic
ligand form three cyclometalated rings or four cyclo-
metalated rings.

13. The organic light-emitting device of claim 1, wherein
the dopant is an organometallic compound including plati-
num and an organic ligand,

the organic ligand is a tetradentate ligand coordinated to

the platinum, wherein the platinum and the organic
ligand form three cyclometalated rings or four cyclo-
metalated rings, and

the tetradentate organic ligand comprises at least one of

benzimidazole, benzoxazole, or benzothiazole.

14. The organic light-emitting device of claim 1, wherein

the first electrode is an anode,

the second electrode is a cathode,

the organic layer further comprises a hole transport
region disposed between the first electrode and the
emission layer,

an electron transport region disposed between the emis-
sion layer and the second electrode,

the hole transport region comprises a hole injection
layer, a hole transport layer, an emission auxiliary
layer, an electron blocking layer, or a combination
thereof, and

the electron transport region comprises a hole blocking
layer, an electron transport layer, an electron injec-
tion layer, or a combination thereof.

15. The organic light-emitting device of claim 14, wherein
the hole transport region comprises a first hole transport
material and satisfies TI(HT1)=T1(D),

wherein T1(HT1) is a triplet energy level of the first hole

transport material,

T1(D) is a triplet energy level of the dopant in electron

volts, and

T1(HT1) and T1(D) are each measured using a density

functional theory (DFT) method of a Gaussian program
structurally optimized at a B3LYP level and a 6-31G
(d,p) level.

16. The organic light-emitting device of claim 14, wherein
the hole transport region comprises a hole transport layer or
interlayer,

the hole transport layer or interlayer comprises a first hole

transport material,

the hole transport layer or interlayer is in direct contact

with the emission layer,
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the organic light-emitting device satisfies a condition of
TIHTD=T1(D),

T1(HT1) is a T1 energy level of the first hole transport
material in electron volts,

T1(D) is a T1 energy level of the dopant in electron volts,
and

T1(HT1) and T1(D) are each measured using a density
functional theory (DFT) method of a Gaussian program
structurally optimized at a B3LYP level and a 6-31G
(d,p) level.

17. The organic light-emitting device of claim 14, wherein

the hole transport region further comprises a p-dopant.

18. An organic light-emitting device comprising:

a first electrode;

a second electrode facing the first electrode;

m emission units stacked between the first electrode and
the second electrode and comprising at least one emis-
sion layer; and

m-1 charge generating layers disposed between two adja-
cent emission units, wherein the emission units are the
m emission units, wherein each of the charge generat-
ing layers comprises a n-type charge generating layer
and a p-type charge generating layer,

wherein m is an integer of 2 or more,

a maximum emission wavelength of light emitted from at
least one first emission unit among the m emission units
is different from a maximum emission wavelength of
light emitted from at least one second emission unit
among the other emission units,

the at least one emission layer comprises a first host and
a dopant,

the dopant is an organometallic compound including
platinum,

the organic light-emitting device satisfies a condition of
HOMO(D)-HOMO(Host 1)=0.2 electron volts,

HOMO(D) is a HOMO energy level of the dopant in
electron volts,

HOMO(Host 1) is a HOMO energy level of the first host
in electron volts, and

HOMO(D) and HOMO(Host 1) are each measured using
a photoelectron spectrometer in an ambient atmo-
sphere,

wherein the at least one emission layer further comprises
a second host,

the first host is a hole transport host,

the second host is an electron transport host comprising an
electron transport moiety, and

the electron transport moiety in the second host is a
m-electron-deficient nitrogen-containing cyclic group.
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